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Abstract
The purpose of applying a light management structure in a solar cell is to absorb the
largest possible amount of incident radiation in the active layer. Independent of the
material, thickness and structure of the solar cell, the fundamental approaches for
light management are: A) reducing the proportion of the light being reflected out at
the front surface and B) increasing the path length of the light within the absorbing
substrate. Therefore, characterizing and optimizing the light management technique
is essential for further improving solar cell efficiency.
In this thesis, a method based on the generalized Planck’s law of radiation is de-
veloped to extract the band-to-band absorptance from the photoluminescence spec-
tra of semiconductor materials. Unlike the traditional way of obtaining absorptance
from the reflection and transmission measurement, this method is only sensitive
to absorbed photons that can generate electron-hole pairs. Therefore, the parasitic
losses such as free carrier absorption and the absorption in non-active layers can be
automatically eliminated. With the extracted band-to-band absorptance, the implied
photo-current of the sample is accurately estimated without the need of forming a
p-n junction. By comparing the band-to-band absorptance of silicon wafers with and
without light trapping structure, the optical enhancement is rapidly accessed. Us-
ing this method, a wide range of light trapping structures are studied on crystalline
silicon wafers to improve the photo-current generation.
Self-assembled plasmonic Ag particles (AgNP) together with a dielectric based
diffuse reflector (DR) are applied on the rear side of silicon wafers to provide excel-
lent optical enhancement without sacrificing the electrical performance of the device.
AgNP have proven to scatter the light at wide angles, so that total internal reflection
occurs and the light can be trapped in the solar cell. Dielectric based diffuse reflectors
have the advantage of high reflectivity and low absorption loss compared to metal
reflectors. The combination of DR and AgNP provides light trapping performance
(62% of Lambertian enhancement) which is comparable with inverted pyramids (67%
of Lambertian enhancement) on a 200 µm thick silicon wafer. By applying AgNP in
the back of a silicon wafer with an interdigitated back contact (IBC) structure, a
maximum of 53% of fraction of the Lambertian enhancement is achieved with an
optimized capping layer. For a standard IBC cell with AgNP embedded in the rear
side, the short circuit current density is estimated to enhance by 18% in the spectral
range from 1000 nm to 1200 nm.
Texturing is still the most widely applied light management technique in the c-Si
solar cell industry. The textured surface produces broad-band anti-reflection prop-
erties as well as effective light trapping to the solar cell. We extend the application
of the PL technique to evaluate the optical performance of textured samples. Several
structures including reactive ion etched textures (RIE), metal-assisted textures (MET)
ix
xand random pyramid textures (RAN) are experimentally evaluated with the photo-
luminescence technique. By fabricating a silicon wafer with RIE and RAN textures
on the front and rear side respectively, we demonstrate a structure with near ideal
absorption in the ultraviolet and visible spectrum and a light trapping efficiency of
55% in the near infrared region of the solar spectrum. Using an analytical model
with independent angular distribution parameters on both surfaces, we carry out a
quantitative analysis on the impact of front reflection, rear absorption and the angu-
lar distribution on the implied current generation of these silicon samples. With the
origins of the optical loss of these light management structures revealed, the effec-
tive approach for reaching maximum photo-current for high efficiency silicon solar
cells is discussed. We conclude that the non-perfect angular distribution is the main
limitation for approaching Lambertian light trapping in high efficiency silicon solar
cells.
Dielectric based diffuse reflectors have excellent optical properties and can be ap-
plied on a wide range of solar cells. A diffuse reflector prepared by Snow Globe
coating is applied on a-Si:H/µc-Si:H tandem solar cell. The reflector has close to
100% reflectance over a spectral range of 500-1300 nm which indicates much lower
parasitic optical losses compared to the standard textured ZnO:Al/Ag reflector. The
application of DR avoids the localized surface plasmon and propagating surface plas-
mon resonances existing on randomly textured ZnO:Al/Ag back contacts. Both of
the resonances can couple with the incident light and introduce significant amount
of parasitic absorption and thereby reducing the overall cell performance. By replac-
ing ZnO:Al/Ag with SGC reflector on tandem thin film silicon solar cells as a rear
reflector, the short circuit current of the bottom solar cell is enhanced and the overall
cell efficiency is improved from 10.2% to 10.4%.
Organic/inorganic hybrid perovskite material has the potential for being a low-
cost and high efficiency photovoltaic technology. The knowledge of absorption co-
efficient of such novel absorber materials is essential in understanding the extent to
which perovskite solar cells may suffer from parasitic absorption. The fundamental
relationship between band-to-band absorptance and photoluminescence is used to
measure the absorption coefficient αBB(h¯ω) of organic-inorganic hybrid perovskite
methylammonium lead iodide (CH3NH3PbI3) films from 675 nm to 1400 nm. Unlike
other methods used to extract the absorption coefficient, photoluminescence is only
affected by band-to-band absorption and is capable of detecting absorption events at
very low energy levels. Absorption coefficients as low as 10 −14cm−1 are detected at
room temperature for long wavelengths, which is 14 orders of magnitude lower than
reported values at shorter wavelengths. The temperature dependence of αBB(h¯ω) is
calculated from the photoluminescence spectra of CH3NH3PbI3 in the temperature
range 80-360 K with 10 K intervals. Based on the temperature dependent αBB(h¯ω), a
polynomial parameterization describing the product of the radiative recombination
coefficient and square of the intrinsic carrier density B(T)× n2i is also presented.
This thesis focuses on understanding and improving the light management of
solar cells. The method of extracting band-to-band absorptance from photolumines-
cence spectra is used to compare a wide range of light trapping structures on silicon
xi
wafers and to extract the absorption coefficient of perovskite film at very low energy
levels.
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Chapter 1
Introduction
We are like tenant farmers chopping
down the fence around our house
for fuel when we should be using
Nature’s inexhaustible sources of
energy - sun, wind and tide...What a
source of power! I hope we don’t
have to wait until oil and coal run
out before we tackle that.
Thomas A. Edison, 1931
1.1 Motivation
The Sun is the ultimate energy source of our planet. It shines on the Earth with
light and heat, both of which are vital for living creatures. To keep the planet warm
enough for living, the Earth relies on greenhouse gases to trap the heat from the
Sun. Scientists believe that without greenhouse gases, the earth would be 33 degree
Celsius cooler than it is now [1]. However, if the amount of greenhouse gases, in
particular carbon dioxide, in the atmosphere keeps increasing, the global tempera-
ture will rise and that will have severe impact on the global climate. Although the
Earth’s temperature has been going up and down since the time of its formation, the
recent activities of mankind have sped up the process of global warming. In last 100
years, the average temperature on the Earth surface’s has already warmed by 0.7 ◦C
globally [1], and by around 1 ◦C in Australia [2]. If the global temperature keeps
increasing like this, the glaciers and ice sheets will melt, the sea level will increase
dramatically, and the Earth will suffer from extreme weather like drought and flood.
Scientists attribute the recent temperature rises mainly to the greenhouse gas emis-
sions caused by burning fossil fuels such as coal, oil and natural gas. It has been
recently predicted that average global temperatures could increase between 1.4 and
5.8 ◦C by the year 2100 [3]. To mitigate the speed of global warming, universal access
to the electricity from sustainable sources is likely the most promising way to go.
Photovoltaics (PV) is one of the few sustainable energy technologies with the po-
tential to grow to very large scale in both urban and rural territories. In recent years,
1
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there have been significant improvements in terms of technology, competitiveness
and compatibility with the grid for utilizing the solar generated electricity. The cost
of solar modules has fallen considerably and installed capacity has grown rapidly
across the globe. The world capacity of photovoltaic generation has increased from
1.3 GW in 2001 to 139 GW in 2013 [4]. However, photovoltaic systems only accounts
for about 0.85% of world electricity generation in 2013, and estimated about 1.0%
in 2014 [4] based on the report from the International Energy Agency. In order to
increase the scale of solar energy application to a level that can reduce greenhouse
gas emissions significantly requires a dramatic increase in the proportion of photo-
voltaics in the world energy generation. It ultimately requires the photovoltaic to be
cost-competitive with other energy sources.
The current PV market is dominated by wafer-based crystalline silicon (c-Si)
mainly due to its earth abundance, stability and ideal energy band-gap. The well
developed technology and high capacity of module production will likely assure Si’s
dominant position in the PV industry in the coming years. The first ever silicon solar
cell was reported by Ohl in 1941 [5] with a conversion efficiency of less than 1%. In
1954, Chapin, Fuller and Pearson from the Bell Laboratories announced silicon solar
cells with around 6% efficiency [6]. The early application of solar cells was limited
to space science in which solar cells or "solar batteries" were used to supply electric
power to satellites. A strong boost of solar cell technology started in the 1980s. With
the development of optimized cell structures such as the PESC1 [7], the PERC2 [8]
and the PERL3 [9], the efficiency of silicon solar cells reached over 20%. However,
due to the complicated production procedure, the fabrication cost of high purity c-Si
was the prime cost, which accounted for 40% of the total cost of a typical c-Si PV
module. The high cost of c-Si solar cell led to the development for thin-film tech-
nologies such as amorphous silicon (a-Si:H ) [10], micro-crystalline silicon (µc-Si:H)
[11], cadmium telluride (CdTe) [12] and copper indium gallium diselenide (CIGS)
[13] solar cells with lower fabrication cost. However, most of these cells either have
low conversion efficiency or require scarce elements which make them less competi-
tive in terms of large scale and long term commercialization. Recently, organic based
or organic/inorganic hybrid perovskite solar cells have achieved a significant break-
through in efficiency enhancement [14, 15]. The low fabrication cost in large volume
and potentially high energy conversion efficiency make the organic and perovskite
solar cells very attractive to researchers. Although at the moment, these emerging
technologies are not yet competitive with c-Si in terms of power conversion efficiency
and long term stability, they can not be ignored as they have the potential to reduce
the cost of PV electricity dramatically.
Despite competitors closing in, the c-Si solar cell remains a reliable industry
benchmark that all new competitors aim to surpass. Thanks to the new technology
and massive production in high purity silicon, the cost of c-Si module has dropped
significantly in last decade. Crystalline silicon has won back its high expectation
1Passivated Emitter Solar Cell
2Passivated Emitter Rear Cell
3Passivated Emitter, Rear Located Cell
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to be the driving force of the PV market. Today, the interest of the research com-
munity has been drawn back to further increasing the efficiency of c-Si solar cells.
Recently, with the HIT4 and HBC5 solar cell technologies, the record efficiency for
the mono-crystalline silicon solar cell reaches 25.6% [16] which is a step closer to the
theoretical limit of the single junction solar cell [17], and provides the industry with
an achievable benchmark for future directions.
To increase the competitiveness and the market share growth against the conven-
tional energy sources, the best way to reduce the levelized cost of the module is to
improve the efficiency of the solar cell [18]. This thesis focuses on improving effi-
ciency of silicon solar cell by refining its light absorption. It is an in-depth discourse
on characterization and optimization of light management in thin and thick solar
cells.
1.2 Thesis Outline
This thesis contributes a detailed investigation on improving the light management
of silicon solar cells. It demonstrates a range of novel light trapping techniques and
their performance on thin and thick silicon solar cells, and expands the physical un-
derstanding for further improvement. Based on the reciprocal relationship between
photoluminescence and absorption of semiconductor, a new technique is developed
to evaluate the properties of novel light trapping structures on crystalline silicon solar
cells without the interference of parasitic absorption. The same concept is also used
to obtain the optical constants of methylammonium lead iodide perovskite materials.
Chapter 2 starts with an introduction on operation fundamentals and the main
optical losses of silicon solar cells, then comprehensively reviews the theoretical un-
derstanding and the laboratory development of dielectric based diffuse reflectors for
solar cell application. By summarizing simulated and experimental demonstrations
on different types of solar cells, we highlight the advantage of diffuse reflectors over
the conventional metal reflector. Latter in the chapter, the concept of plasmonic light
trapping and the application of photoluminescence/electroluminescence in charac-
terizing solar cells are reviewed. The underlying physics are used throughout the
thesis.
Chapter 3 demonstrates experimentally that a back reflector structure with Ag
plasmonic particles embedded between a dielectric diffuse reflector and a solar cell
can support excellent light trapping performance in single junction crystalline sili-
con solar cells which is comparable with the traditional inverted pyramid texturing
structure. The technique of using spectrally-resolved photoluminescence to quantify
the absorptance is presented, which allows parasitic absorption to be excluded and
provides a rapid method for assessing light trapping.
In Chapter 4, the plasmonic nanoparticles are integrated into a conventional rear
contact structure that mimics the interdigitated back contact (IBC) solar cell to in-
4Heterojunction with Intrinsic Thin layer
5Heterojunction Back Contact
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crease the optical response of the solar cell in the near infrared region. Experimental
investigation is carried out on n-type silicon wafers to incorporate with standard fab-
rication process of IBC solar cells. With plasmonic rear side light trapping, samples
have an 18% increase in implied short circuit current density in the spectral range
from 1000 nm to 1200 nm.
Chapter 5 extends the method of extracting absorptance from photoluminescence
spectra to evaluate light trapping and quantify the light trapping efficiency (LTE)
for a range of promising structures in crystalline Si wafers. By fabricating a silicon
wafer structure with RIE and RAN textures on the front and rear side respectively,
we demonstrate a light trapping structure with excellent optical response in the op-
erating spectrum of solar cells.
In Chapter 6, we use an analytical model with independent angular distribution
parameters on both surfaces to study the origin of optical losses of silicon wafers
with the light management structures that have been demonstrated in Chapter 5. We
provide a quantitative analysis of the impact of front reflection, rear absorption and
the angular distribution on the implied current generation of silicon solar cells in
comparison to the Lambertian structure. Based on the results, the most promising
approach for reaching maximum photo-current for high efficiency silicon solar cells
is discussed.
Chapter 7 demonstrates the development of a highly reflective dielectric back re-
flector for application in tandem thin-film solar cells and compares its performance
with conventional ZnO:Al/Ag reflector. By using the diffuse reflector, an enhance-
ment of 0.5 mA/cm2 in external quantum efficiency of the bottom solar cell and
an absolute value of 0.2% enhancement in overall power conversion efficiency are
achieved. We also show that the increase in power conversion efficiency is due to the
reduction of parasitic absorption at the back contact by using the dielectric reflector.
In Chapter 8, spectrally resolved photoluminescence is used to measure the band-
to-band absorption coefficient αBB(h¯ω) of organic-inorganic hybrid perovskite methy-
lammonium lead iodide (CH3NH3PbI3) films from 675 nm to 1400 nm. Absorption
coefficients as low as 10 −14cm−1 are detected at room temperature for long wave-
lengths, which is 14 orders of magnitude lower than reported values at shorter wave-
lengths. Using the temperature dependent absorption coefficient extracted by using
the PL technique, the product of radiative recombination coefficient and square of
the intrinsic carrier density are obtained.
Finally, key conclusions are reiterated in Chapter 9 and the outlook for future
development are discussed.
Chapter 2
Rear side light management for
solar cells
This chapter starts with an introduction to the essential fundamentals of the working
principle and device physics of the solar cell. Then it moves to the mechanism of
major optical losses and light management of solar cells. The third section provides a
review of the development of dielectric based diffuse reflectors. In the forth section,
the concept and application of the plasmonic light trapping is reviewed. The last
section gives an overview of the use of photoluminescence and electroluminescence
for characterizing solar cells.
2.1 The fundamentals of solar cells
A solar cell can be simply understood as a semiconductor diode that is designed to
absorb photons and convert the photon energy into electricity directly. To under-
stand the fundamental operation of solar cell requires basic knowledge of solid-state
physics. In this section, a brief overview of the essential concepts is provided to ex-
plain the physics of solar cells. More complete and rigorous knowledge can be found
in [19, 20, 21, 22].
Light is electromagnetic radiation which consists of photons with specific amounts
of energy. The energy Eλ of a photon can be related by its wavelength λ as:
Eλ =
hc
λ
= hν (2.1)
where h is Plank’s constant, c is the speed of light in vacuum and ν is frequency.
The spectral character of the light is very important for understanding the oper-
ation of photovoltaic devices. A photon with energy Eλ greater than the band-gap
energy Eg of the semiconductor can excite an electron-hole pair, thus contributing
to the photo-current generation. The sun can be approximated as a black-body at
6000 K [20]. The energy of photons reaching the Earth can be described by an air
mass zero radiation spectrum (shown in Figure 2.1). The air mass represents the
intensity of the solar radiation on the Earth with consideration of the absorption in
the atmosphere. The radiation intensity that reaches above the Earth’s atmosphere
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is presently accepted at an value of 1.353 kW/m2 [20]. The AM1.5 spectrum is the
most widely used standard for meaningful comparisons of solar cells world-widely
which is normalized to a total power density of 1 kW/m2 (i.e., one sun) [20].
Figure 2.1: AM0 and AM1.5g global spectrum irradiance [23].
Figure 2.2 shows the basic processes that occur during the photovoltaic effect
in a band energy diagram. In a semiconductor material, the valence band is the
highest energy level which contains electrons at absolute zero temperature, while
the conduction band is the band directly above the valence band with no electrons
at absolute zero temperature [24]. The valence band and the conduction band are
separated by the energy gap called the band-gap. The absorption of a photon with
the right energy (Eλ ≥ Eg) and momentum [21] excites an electron to move from
the valence band to the conduction band subsequently leaving a hole in the valence
band. In crystal lattice of a semiconductor, when photon energy is absorbed, an
electron is freed from its host atom. If charge neutrality was present before the light
was absorbed, the process of freeing an electron results in a positively charged site,
called a hole, where the electron used to be. Similar to electrons, holes can also
move around freely. If a free electron within the device encounters the hole, it will
recombine and release the energy in the form of a photon or heat [19]. When these
carriers with opposite charges are separated, they may produce electrical current flow
through an external circuit with load. The output power of a solar cell is the product
of the electrical current and the voltage across the contacts. In an ideal situation, the
amount of current depends on the number of absorbed photon while the voltage is
determined by the band-gap of the absorbing material. The conversion efficiency of
a solar cell is calculated by dividing the output power by the radiant solar power.
The current-voltage (IV) characteristic of a typical silicon solar cell is plotted in
Figure 2.3. The IV curve is simulated by using Equivalent-Circuit Calculator on PV
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Figure 2.2: An energy-band diagram of a solar cell showing the generation and extraction of
charge carriers. Solid circles represent electrons, and holes are represented as unfilled circles.
Photo-generated power is extracted with an external circuit.
Lighthouse [23], and parameters are chosen with a reasonable assumption for a good
silicon solar cell. The IV curve illustrates several important features of solar cells: the
short-circuit current Isc, the open-circuit voltage Voc, and the fill factor FF.
Figure 2.3: Simulated current-voltage characteristics of a silicon solar cell.
At open circuit (current density = 0), the voltage of the solar cell can be written
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as:
Voc =
kT
q
ln
Isc + Io
Io
(2.2)
where kT/q is the thermal voltage, Io is the saturation current which depends on the
recombination of the solar cell.
In equation 2.2, Voc depends on the short circuit current and the saturation current
of the solar cell. Since Isc normally has a small variation compared to the variation
of the saturation current which can be orders of magnitude, Voc is a measure of the
amount of recombination in the solar cell [21].
To get the maximum power out of the solar cell, the solar cell has to be operated
at its maximum power point which is the largest rectangle area for any point on the
IV curve (indicated as the black diamond point on Figure 2.3). The corresponding
voltage is VM; the current density is IM and the maximum power of the solar cell PM
is obtained by:
PM = VM IM (2.3)
The fill factor, FF, is a measure of the squareness of the IV characteristic and
defined as the ratio of the maximum power from the solar cell to the product of Voc
and Isc. It is the ratio of the areas of the two rectangles shown in Figure 2.3.
FF =
PM
Voc Isc
=
VM IM
Voc Isc
(2.4)
The conversion efficiency η for a solar cell is the comprehensive parameter which
is used most commonly to compare the performance of different solar cells. η is
defined as the ratio of energy output PM from the solar cell to the incident light
power PIn.
η =
PM
PIn
=
FFVoc Isc
PIn
(2.5)
2.2 Optical losses and light management of solar cells
The upper limit of the efficiency of an ideal single junction solar cell was determined
by Shockley and Queisser [25] and is known as the Shockley and Queisser (SQ)
limit. The SQ limit is calculated by examining the amount of electrical energy that
is extracted per incident photon. The SQ limit only considers the band gap of the
material and the temperature, but not the optical properties of the solar cell. The
consideration of the light absorption in the SQ limit is rather simplistic with full
absorption of photons above band-gap and zero absorption below.
The optical performance of a solar cell determines the amount of the photon can
be absorbed which limits the short circuit current density of the solar cell. The pur-
pose of applying a light management structure in a solar cell is to couple the largest
possible amount of incident radiation into the active layer and trap the light until
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it can be absorbed. Therefore, the optical losses in a solar cell have to be examined
carefully to maximize the number of photons absorbed.
Front contact shading For industrial cells with front surface contact, shading by
the metal grid at the front surface accounts for about 10% absorption loss [21]. The
metal fingers and busbars are used to extract the current generated by the solar cell.
Increasing spacing and reducing metal coverage at the front can cut down the optical
loss due to the shading, but they also increase the resistance loss which will decrease
the fill factor of the cell.
Resistive losses in a solar cell are due to either series resistance or shunt resistance,
both of which reduce the fill factor of a solar cell. Series resistance losses are caused
by impedance to current flow in the emitter and base regions of the solar cell, the
front and rear metal contacts and the contact between the metal contact and the
silicon. Low shunt resistance causes power losses in solar cells by providing an
alternate current path for the light-generated current. Current leakage through such
paths reduces the amount of current flowing through the solar cell junction, and in
extreme cases, may reduce the open circuit voltage of the solar cell [20].
Therefore, balancing between the optically preferable low shading loss and elec-
trical desirable low resistance loss is an important trade-off for designing front con-
tacted solar cells [26].
Front reflectance Reflectance at the front surface of the solar cell is another major
optical loss. For a planar Si wafer, roughly about 30% of the incident light is re-
flected out at the air/Si interface. The front reflectivity of a solar cell can be reduced
by adding in a layer of anti-reflection coating (ARC) or textures to the front surface.
The commonly used ARC is made up of dielectric film with refractive index na lower
than the absorber’s n. If the na and the thickness Ta of the ARC layer satisfy the fol-
lowing condition, the light with wavelength λ will enter the solar cell with minimum
reflection loss [27].
naTa = λ/4 (2.6)
If the solar cells has planar surfaces, the reflectivity R can be predicted with
R =
(
n2a − nairn
)2
(n2a + nairn)
2 (2.7)
It is not hard to see that the minimum reflectivity happens when
n2a =
√
nairn (2.8)
This causes destructive interference between the wave reflected from the front surface
of ARC layer and the wave reflected from the ARC/semiconductor interface, where
the two sets of reflected waves are out of phase to each other. However, it has to be
noted that the ARC can only be optimized for a single wavelength of the incident
light, as the refractive index of the absorber is wavelength dependent [27].
Textured surfaces can be used to produce broad-band anti-reflection for solar
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cells. Such surfaces change the angle of the incident light at the surface, which
allows the reflected light to hit the solar cell for the second time at a different angle,
increased the chance for the light to be refracted into the absorber.
Figure 2.4: Schematic illustration of the escape cone and the total internal reflection in a solar
cell with critical angle of θc.
Reflection through the escape cone Once the light enters the active region of a
solar cell, it becomes a matter of how to absorb the light in the active region. Photons
with energy much higher than the band-gap of the solar cell are absorbed within the
first few microns of the surface, while photons with energy near the band-gap can
travel long distances (many times the substrate thickness) without being absorbed
[28, 29]. In the latter situation, a large amount of light will be reflected out of the flat
surface of the solar cell through the escape cone if no measures are taken to confine
it. In order to minimize the portion of the escaped light, a light trapping structure
can be used to scatter the propagating light [30, 31, 32, 33]. Therefore, when the
light is reflected back from the rear side, it will meet the front surface with an angle
greater than the critical angle θc [34]. In other words, the total internal reflection is
maximized so that more light will be trapped in the medium (shown in Figure 2.4).
The Lambertian scatterer is a widely recognized benchmark for light manage-
ment in solar cells [35, 30]. It assumes an ideal structure which can isotropically
scatter the light into the solar cell without any loss. As a result of that, uniformly
distributed propagating light exists in the absorbing layer. The statistical approach to
the Lambertian limit was derived by researchers in the 1980s [35, 30]. The analytical
solution for calculating Lambertian absorption in a solar cell can be found in [36].
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The maximum average path length L of weak absorbing light in the absorber is:
L = 4n2W (2.9)
where n is the refractive index of the absorber and W is the thickness. Equation 2.9
indicates that the light can travel on average a path that is 4n2 times of the cell thick-
ness in the weakly absorbed spectrum. It means the light will be reflected multiple
times at front and rear sides of the solar cell indicating that parasitic absorption in
the front or back contact layers will have a large impact on the absorption of the solar
cell.
2.3 Rear side light management
One of the essential assumptions for achieving the 4n2 limit is to use a lossless re-
flector. However, in reality, it is impossible to reach the limit as the losses at the
reflector always exist [37, 38]. The most commonly used reflector for solar cells in
the laboratory and industry is made of aluminum. Al has about 20% of reflection
loss at the Si/Al interface, which prevents the cell from fully harvesting the light that
reaches the back of the solar cell [39]. This disadvantage exists in all metal reflectors
[40, 41]. Therefore, alternative options to the metal reflector have to be considered.
Optimizing the back reflector by increasing the reflectivity, broadening the angular
distribution, and reducing the parasitic absorption are critical to reach the maximum
useful absorption in the active layer. All of this should be achieved without sacri-
ficing cost effectiveness [42, 43]. Considering all the requirements that an optimum
reflector needs, the pigment based diffuse reflector (DR) seems to be a "low-hanging
fruit" to replace the conventional metal reflector.
2.4 Diffuse reflector for rear side light management
"Diffuse reflector" refers to material like white paint which has diffusive reflecting
properties. The commonly used DR is made up of a mixture of pigment with re-
fractive index of np (inorganic salt particle) and a medium with refractive index of
nm (organic or inorganic solvent), as shown in Figure 2.5. Many works have been
reported to demonstrate the excellent optical properties of the diffuse reflector. It
has been proven to be a very promising candidate to replace the conventional metal
reflector. Theoretical and experimental studies have been carried out over the last
four decades to demonstrate the proof of concept.
2.4.1 Theoretical understanding of diffuse reflector in solar cells
One of the pioneers of solar cell light management, Götzberger was the first to de-
scribe the concept of a reflector that can diffusively reflect the light back into a solar
cell [44]. Götzberger systematically studied the influence of the DR for optical con-
finement in thin film silicon solar cells and generated an optical model that can
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Figure 2.5: Schematic illustration of the interaction between the light and a pigmented di-
electric reflector.
calculate the absorption enhancement in thin absorbers by taking into account the
reflection and scattering from the rear reflector.
Cotter et al. extended this work to set an upper limit of absorption in silicon solar
cells with a pigment based diffuse reflector [45, 46]. Mie scattering theory was used
to explain the interaction between the electromagnetic wave and the pigment. The
pigment can strongly scatter light if the diameter of the pigment is the same order of
magnitude as the wavelength of the light [47, 48]. The amount of scattering that the
pigment has determines the overall optical performance of the diffuse reflector. Cot-
ter et al. simplified the three-dimensional diffusive light fluxes into one dimension
using a weighted average transmission factor. The direct and diffuse components
of the traveling light in the medium and the coupling between them are taken into
account. The amount of light scattered by the DR is described by a "focused Lamber-
tian model" predicted from Snell’s law. The angular distribution of the light at the
surface that enters from a DR with effective refractive index of nDR into a Si layer
with nSi is defined as [45, 46]:
dΦ f L(θ, ξ) =
(
nSi
nDR
)2
cos(θ) sin(θ)d(θ)d(ξ) (2.10)
where θ and ξ are the zenith and azimuth angles defined with respect to the front
surface normal.
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Figure 2.6: Predicted maximum light-generated current as a function of solar cell thickness
and reflector refractive index (adapted from [45]).
As shown in Figure 2.6, the light trapping properties of DR depend on the con-
trast of refractive index of the outside environment and the DR material. Due to the
existence of the "focusing effect", a fraction 1/n2DR of the light is refracted into the
escape cone of the solar cell. An expression for the optical enhancement factor Z
for weakly absorbed light in a planar silicon with perfectly-diffused and perfectly-
reflecting DR is defined as [46]:
Z =
4nSin2DR
nSi +
√
n2Si − n2DR
(2.11)
Note that when nDR = nSi, Z = 4n2. The impact of the geometry and the distri-
bution of the pigment on the broad reflection band of the DR has been numerically
studied by Lin et al. with three dimensional wave optics [49]. A TiO2 based DR
with over 99% reflectivity from 400 nm to 1200 nm wavelength range can be ob-
tained with optimized pigment shape and distribution in the medium. Although
the authors use cylindrical TiO2 pigments instead of spherical ones, which are more
practical in reality, a similar result can be expected with spherical pigments [49]. An
ordered pigment distribution can result in very high reflectance at a narrow wave-
length range. Increased disorder of the TiO2 particles can significantly broaden the
reflection band without sacrificing much of the reflectivity. By looking at the spectral
response of the diffuse reflector with ordered/disordered pigment, the pigment is
seen to behave like a photonic structure with finite z-direction but infinite x and y-
direction [50]. When the incident photon couples into the guided mode, the light will
be weakly reflected. Guided modes are the localized states in the medium and they
can be used to couple the incident light into the modes via photonic grating coupling
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[51, 52]. On the other hand, if the incident light falls into the photonic band-gap, it
will result in high reflectance [49]. As constructive interference does not exist in a
wide spectrum range in the ordered DR, it causes a relatively narrow reflection band.
However, the reflector with randomly distributed TiO2 has much broader reflection
bandwidth because of chance of the existence of constructive interference becomes
much higher in the diffuse reflector.
In general, high volumetric fraction and thickness are preferred to produce pig-
mented dielectric reflectors with excellent reflectance [46]. Shao et al., use a simple
analytical model based on the one-dimensional Kebulka-Munk model [53] to pre-
dict the optimum size of the pigment (inorganic fillers Al2O3 and TiO2). They aim
to achieve high reflectance but low volumetric fraction in a thin reflector [54]. The
experimental results match very well with the analytical model showing that the re-
flectivity of the DR increases with the enlarging particle size in the range of nanome-
ter to sub-micron scale, and then reduces as the particle size continues to increase
to micron-size. The authors also conclude that the optimum filler size can vary a
lot for different materials. The result is important for providing an empirical basis
for selecting pigment sizes to produce highly reflective DR, while also reducing the
overall material and cost.
As theoretical studies deepen our understanding, experimental demonstrations
of DR also extend our view of what can be achieved with diffuse reflectors. Sub-
stantial enhancements in current have been achieved for many types of solar cells.
Dielectric materials such as TiO2, Al2O3 and BaSO4 with high refractive index are
most commonly used as the pigment particles. Different types of organic or inor-
ganic chemicals are used as the medium to disperse the particles. Diffuse reflectors
have also been combined with other types of scattering structures to achieve strong
reflectance and light trapping simultaneously.
2.4.2 Experimental demonstration of diffuse reflector
A wide range of solar cell structures have been used to compare the performance of
DR with conventional metal reflectors. In order to keep the logical structure clear
in this chapter, we classify the literature based on the application of thin-film sili-
con, thick silicon and non-Si solar cells. The corresponding cells’ performance are
summarized in Table 2.1.
2.4.2.1 Thin-film silicon cells
Among all the types of solar cells, thin-film silicon solar cells provide the clearest
demonstration of the optical significance of the diffuse reflector. Thin-film Si cells are
likely to suffer the most from the transmittance loss, because they are made from a
weakly absorbing indirect bandgap material, and because thickness restrictions mean
that they cannot adapt to conventional geometrical light trapping [43, 55, 56, 57, 32].
Alternatives such as textured back electrodes or substrate [43, 58], wavelength-scale
light trapping [59, 60, 61, 62, 63] and diffuse reflectors are essential for thin-film cells
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to achieve high photo-current generation.
Cotter et al. were the first to present the feasibility of a pigment based diffuse
reflector as an alternative to sophisticated light trapping schemes in thin-film poly-
crystalline silicon solar cells [46]. When the DR is applied on the rear side of the
solar cell, it not only effectively reflects the light back into the absorber, but reflects
back diffusely at angles that can exceed the critical angle, thereby, enhancing the
absorption of the light in the cell.
Berger et al. compare commercial white paint with Al reflector on thin poly-
crystalline solar cells to highlight the optical advantage and the cost effectiveness of
DR [64]. The more effectively the pigment scatters, the higher the DR reflects (illus-
trated in Figure 2.5). The scattering efficiency of pigment in turn is affected by the
contrast of the refractive indices of the pigment and the medium np/nm, pigment
size and the volume concentration of the pigment. The relationship of the scattering
efficiency S of a DR as a function of the pigment volume concentration σ is summa-
rized by Berger et al. and is shown in Figure 2.7. The scattering efficiency has an
approximately linear dependence on σ in the range of 0% to 10% of σ value. The
slope of the curve reduces with increasing σ until the S reaches the maximum value
at an intermediate volume concentration of pigment. With further increasing σ, the
scattering effect weakens and S reduces to zero (shown in Figure 2.7).
Figure 2.7: Schematic representation of the relationship between the scattering efficiency S
and the pigment volume concentration σ of a DR (adapted from [64])
A more sophisticated modeling work combined with an experimental demon-
stration is reported by Lipovšek et al. [65, 66]. They apply one dimensional optical
simulation to study the reflectance, haze and the angular distribution of the scattered
light for white paint with different pigment volume concentration PVC and thickness
d. The increased PVC and thickness will lead to enhanced reflectance and high level
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of light scattering. As shown in Figure 2.8, compared to Ag reflector, white paint has
much broader angular distribution function that is close to the Lambertian distribu-
tion. White paint along with transparent conductive oxide (TCO) can enhance the
short circuit current density Jsc of an a-Si:H solar cells by 12% compared to 10% with
Ag. The simulation shows reducing the absorption in TCO layer while increasing the
reflectivity of white paint are the key to further improve the Jsc.
Figure 2.8: The measured angular distribution function ADF of a white paint and a textured
Ag back reflector (adapted from [66]).
Lin et al. demonstrate a better photo-current and power conversion efficiency
performance for DR compared with aluminum as a back reflector on a 300 nm thick
a-Si:H solar cell. The DR can improve the Jsc by 91% compared to 15% with Al. Con-
sidering the cost effectiveness and stability of dielectric materials like TiO2, the DR is
a very promising candidate for industrial application. Fu et al. compare the diffused
scattering efficiency (DSE) of metal and dielectric reflectors, and obtain a simulated
DSE of 52% and an experimental value of 88% for a diffuse dielectric reflector and a
simulated DSE 30% and an experimental value of 11% for Ag respectively. The au-
thors extend the reference reflectors to include Ag, Al, Ni and Ti and compare them
with DR on a 300 nm a-Si:H solar cell. Among all the kinds of metal reflectors, the
best performing Ag only enhance Jsc by 19% compared to 68% for the solar cell with
diffuse reflector [67].
As mentioned previously, increasing the contrast of the refractive indices of the
pigment and the medium np/nm will lead to increased optical performance of DR.
Therefore fabricating DR with a low index medium or even no medium can boost
the optical performance of DR significantly. Lee et al. use alkalized deionized H2O
as medium then dry out the H2O to make a binder-free TiO2 film. With this film,
they achieve 40% of Jsc enhancement in 2.5 µm thick crystalline Si solar cells, which
is almost double the current enhancement due to an ideal flat back reflector [68].
Bills et al. [69] use an electrophoretic deposition method (EPD) to deposit a layer
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of binder free TiO2 on a thin-film a-Si:H solar cells. The Jsc of the cell can be improved
by 12% with DR, 5% with Al and 10% with Ag as back reflector respectively. The
authors also demonstrate that the DR can be made electrically conductive by creating
holes in the DR and filled in with indium tin oxide ITO nanoparticles, without com-
promising much of the optical performance. By adapting a roll-to-roll EPD system to
deposit TiO2, a flexible, large scale and mechanically durable DR can be fabricated.
The binder free DR with highest reported reflectivity is made by a novel technique
developed by Basch et al. called snow globe coating (SGC). It is a simple and cheap
technique to fabricate a layer of TiO2 based diffuse reflector on solar cells. SGC has
several advantages over the conventional metal reflector and white paint reflectors,
including nearly 100% surface reflectivity from 500 to 1300 nm of spectral range.
By applying SGC at the rear side of a polycrystalline silicon solar cell, the Jsc is
enhanced by 35% [70]. With further investigation, 100% photo-current enhancement
in a polycrystalline silicon solar is demonstrated with a combination of SGC and
scattering Ag nanoparticles. A numerical model based on Göetzberger [44] shows
the Ag nanoparticles can scatter the light into a much wider angle, resulting in 80%
of long wavelength light being trapped in the solar cell [71].
Snow Globe Coating is also compared to a textured ZnO:Al/Ag reflector on a-
Si:H/µc-Si:H tandem solar cells as described in details in Chapter 7 in this thesis [39].
The textured ZnO:Al/Ag is considered as a very promising reflector for thin-film
photovoltaic devices [72, 73]. SGC outperforms the ZnO:Al/Ag in photo-current gen-
eration, thereby increasing the overall efficiency of the tandem solar cells. Based on
optical simulations, parasitic absorption caused by dissipative surface plasmon po-
lariton (SPP) resonances and dissipative localised surface plasmon (LSP) resonances
at the textured metal surface are the main optical losses in the conventional struc-
ture. An alternative way to reduce the parasitic absorption at the back contact is by
smoothing the surface of the metal back reflector [74]. The smoothed back reflector
performs similarly or better than white paint, but the smoothing process is likely to
increase the fabrication cost substantially.
2.4.2.2 Thick silicon solar cells
The benefits of diffuse reflectors, such as low parasitic absorption, high reflectance,
high stability and cost-effectiveness, can also be achieved with wafer based silicon
solar cells. This allows us to enhance the optical response of the rear side of solar
cell, which is very important in the rapidly growing and increasingly competitive
c-Si market. Importantly, DR can avoid etching the active region of the solar cell and
does not increase the area of cell’s surface. DR can also be applied on certain types of
solar cell such as multi-crystalline silicon solar cells where conventional anisotropic
wet chemical etching cannot be used.
Light trapping with DR on a wafer-based silicon solar cells was first investigated
by Cotter et al. [46]. In this work, detached thermoplastic is used as a back reflector
on interdigitated front junction silicon solar cells with thicknesses of 65-90 µm. The
light trapping effect is characterized in the wavelength range of 750 nm to 1250 nm
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Table 2.1: Jsc (mA/cm2) of various types of solar cells with Air, DR and MR at the back
reported in literature.
Ref Cell type Thickness JAir JDR ∆J (%) JMR ∆J (%)
[64] poly-Si 1.6 µm 7.01 8.31 18.54 7.93 13.12
0.75 µm 7.04 9.91 40.76
[70] poly-Si 2.0 µm 13.9 18.7 34.5
[71] poly-Si 2.0 µm 4.0 8.0 100.0
[75] poly-Si 2.2 µm 13.0 14.0
[68] c-Si 2.5 µm 9.55 13.46 40.94
[66] a-Si:H 300 nm 10.09 11.27 11.69 11.11 10.11
[76] a-Si:H 300 nm 8.72 16.62 90.60 10.03 15.02
[69] a-Si:H 180 nm 14.61 16.37 12.05 16.10 10.20
[67] a-Si:H 300 nm 7.94 13.34 68.01 19.9
[39] a-Si:H/µc-Si:H 10.9 10.4
[77] CIGS 100 nm 30 mA/cm2 15 mA/cm2
[78] OSC 5.51 9.86 78.95 8.1 47.0
TOSC 8.87 11.71 32.02 9.71 9.47
under different illumination conditions. The authors also point out that the diffuse
structure for a silicon solar cell does not have to be the traditional dielectric based
DR. It can also be scattering particles such as implantation defects, precipitates, grain
boundaries, cavities or amorphous regions, or even the pores formed by porous sili-
con etches if the size of these structures are properly chosen [46].
With the interest of industry and research moving away from thin c-Si solar cells,
it is necessary to increase the emphasis on DR for wafer based cells. Barugkin et al.
have achieved 32% of Lambertian enhancement with barium sulphate based DR on
a 200 µm planar silicon wafer with 10 nm of Al2O3 passivation layer. A combination
of the same DR and scattering Ag nanoparticles can boost the enhancement to 62%
which is comparable to the value of 67% of standard inverted pyramid textures [79,
80]. We have also demonstrated a novel design combining black silicon front surface
and Ag nanoparticles with a diffuse back reflector on a 260 µm silicon wafer. A
light trapping efficiency (LTE) of 52% is achieved with this structure [81, 82] which
is among the highest performing for that thickness in the literature. The detailed
results and analysis of applying DR on silicon wafers will be discussed in Chapter 3
and 5.
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2.4.2.3 Application of diffuse reflector on other types of solar cells
Non-Si solar cells such as thin film chalcogenide [83, 84] and organic solar cells [85]
have also received considerable interest from researchers. These types of cells are
kept as thin as possible, due variously to slow deposition rates [86], limited abun-
dance of the mineral materials [86] and/or relatively short carrier diffusion length
[87]. As the result, the optical losses for these types of solar cells are significant. An
excellent scattering reflector such as DR becomes especially important for these cells
to reach high conversion efficiency.
Dahan et al. use white paint as the back reflector on a CIGS solar cell with TCO
used as the rear contact [77]. The Jsc achieved with the cell with white paint is higher
than with Au or Ag reflector and is double of the cell with the standard Mo back
contact.
TiO2 based DR has also been applied on organic semitransparent solar cells (OSC)
to enhance the photo-current [78]. The Jsc of the organic solar cell is improved by 79%
(from 5.5 mA/cm2 to 9.9 mA/cm2) with a DR at the back as compared to the 47%
increase with Ag reflector. Tang et al. extend the work to the application of DR on
parallel tandem organic solar cells (TOSC) which are made by stacking two identical
organic solar cells on top of each other with a thin layer of PDMS in between. The
Ag reflector can improve the Jsc of TOSC by 9.5% while the DR can reach up to
32% on the same cells. Interestingly, by modifying the reflectance and transmittance
parameters of the DR, it can also be used as an intermediate scatterer between two
subcells with different band-gap to balance the photo-current of the subcells [78],
which is crucial to achieve high overall efficiency in tandem devices [88].
2.5 Plasmonic light trapping
Plasmonic light trapping is a technique that applies the interaction of free electrons
in the metal with incident photons to increase the optical absorption in photovoltaic
devices and light emitting diodes [32, 59, 62]. The free electrons at the metal surface
can be excited by electromagnetic wave to form surface plasmons which is the col-
lective oscillation of electrons in a conductor [47, 89, 90]. The frequency at which the
free electrons response strongly to the incident light is called the surface plasmon res-
onance [91]. Surface plasmon polaritons (SPP) are the electromagnetic eigenmodes
combined excitations of the electrons and photons that propagate along the interface
of the metal and dielectric with wave-vector K||.
k|| =
ω
c
√
em(ω)eD(ω)
em(ω) + eD(ω)
(2.12)
where ω is the angular frequency of the photon, and c is the speed of the light in the
medium. em(ω) and em(ω) denote the dielectric function of the dielectric and metal
respectively.
If the surface plasmon polaritons are excited on confined geometry such as iso-
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lated metal particles with dimensions smaller than the wavelength of light, they are
also called optically driven localized surface plasmon polaritons (LSPP) [92]. Prop-
erly designed metal nanoparticles can effectively scatter light at their resonance wave-
length. If the nanoparticles are fabricated on the material with high refractive index
such as Si, the scattered light will be preferably coupled into optical modes in the
material thus increasing the light absorption. The optical behavior of metal nanopar-
ticles can be explained to a good approximation by a dipole model [92]. Treated as
a dipole, the metal nanoparticle can scatter as well as absorb the light at its plas-
mon resonance. The scattering efficiency Qsca and absorption efficiency Qabs can be
defined as:
Qsca =
Ps
Io ANP
Qabs =
Pa
Io ANP
(2.13)
Where Ps is the power of the incident light scattered by nanoparticles, Io is the inten-
sity of the incident light, ANP is the cross section area normal to the incident light,
Pa is the power of the light absorbed by nanoparticles.
The special optical characteristics of metal nanoparticles have driven enormous
attention and study in the field of solar cell application. Therefore, here we only
summarize the important works in the early development of plasmonic light trap-
ping. Stuart and Hall first discovered a metal island film can be used to increase
the light absorption in a thin semiconductor film. When illuminated by the light
with sufficient energy, the metal particles behave as dipoles and oscillate at their
resonance frequency, and couple the light into the waveguide modes of the semi-
conductor film [93]. Several years later, Schaadt et al. applied Au nanoparticles
on highly doped wafer-based solar cells, achieving 80% photo-current enhancement
at a single wavelength of 500 nm [94]. Similarly, Derkacs et al. reported an op-
tical absorption and photo-current enhancement in a thin-film a-Si:H solar cell by
exciting surface plasmon resonance on spherical Au nanoparticles, obtaining an 8%
of total efficiency increase [95]. Overall photo-current enhancement of 33% on 1.25
µm silicon-on-insulator cells and 19% on wafer-based silicon solar cells have been
reported by Pillai et al. [96]. Catchpole and Polman have developed a fundamen-
tal design principle for increasing light trapping probability in solar cells by using
plasmonic structures and proved that the particle shape is an essential parameter for
efficient light trapping, and a factor of 30 path length enhancement can be achieved
in thin-film cells [32]. In the spectral region with wavelength longer than the surface
polarization resonance wavelength of nanoparticles, the presence of nanoparticles
leads to constructive interference between transmitted and scattered light, thereby
increasing the photo-current response in solar cells. But at wavelength shorter than
the particle resonance, a reduction in photo-current response presents due to the de-
structive interference between transmitted and scattered field components [97]. This
phenomenon can be prevented by applying the nanoparticles on the rear side of so-
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lar cells [61]. Ouyang et al. reported that the nanoparticles formed directly on rear
side can enhance short circuit current by 29% and a combination with a back sur-
face reflector further improves the enhancement to 38% [98]. A 50% enhancement
was reported by Rao et al. on a 2 µm thick poly-Si based solar cells with optimized
dielectric environment [99]. Ferry et al. reported photo-current enhancement in
ultra-thin amorphous silicon solar cells by applying plasmonic nanostructures in the
ZnO:Al/Ag back contact of the cell [100]. Later Paetzold et al. increased spectral
response by employing a similar structure on µc-Si:H solar cells [33].
The light scattering properties of the plasmonic structures are widely applied in
solar cell with thickness of sub-micron to a few microns. However, with proper engi-
neering, the optical response of the metal nanoparticle can be beneficial to thick solar
cells as well. The advantage of plasmonic light trapping compared to the conven-
tional geometrical textures is that it avoids etching into the active layer, and prevents
increasing the surface area and the recombination subsequently. In this thesis, plas-
monic light trapping is extensively studied on wafer-based c-Si to effectively scatter
the light to enhance the optical path length in the near-infrared spectrum.
2.6 Photoluminescence/electroluminescence for characterizing
silicon solar cells
As discussed in Figure 2.2, the absorption of photons excites electrons from the va-
lence band to the conduction band and leaves holes behind. In the reverse process,
electrons transition between the conduction band and the valence band and can emit
photons back into the medium. This is known as photoluminescence (PL) as the
initial excitation source is light. In contrast, electroluminescence (EL) is the process
of light emission upon the application of an electric field. Both photo and electro-
luminescence are commonly used to study the band structure and defect structure
of materials used in optoelectronics and in photovoltaics. Apart from the different
excitation source, photo and electroluminescence of semiconductor materials share
a lot of similarities. In this section, we will focus on reviewing the application of
photoluminescence for characterizing solar cells.
2.6.1 Generalized Planck Law
According to Kirchhoff’s law for thermal radiation, the absorption of a body is
strongly related to its the emission in the same energy interval. The black body
emission is described by Planck’s law. Kirchhoff extends the expression to the non-
black body thermally emitted radiation:
Inbb(h¯ω, T) = A(h¯ω, T) · Ibb(h¯ω, T) (2.14)
where Inbb(h¯ω, T) is the intensity of thermal radiation emitted by a non-black body
with absorptivity A(h¯ω, T) and Ibb(h¯ω, T) is the black-body emission intensity.
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To be able to explain luminescence, which is a non-thermal radiation process,
a generalized Planck’s Law [101] was developed to describe the photon emission of
direct and indirect band-gap semiconductors [102, 103, 104] with a non-zero chemical
potential µγ. The chemical potential µγ here is equal to the quasi-Fermi level spilling
eFC − eFV , which describe the population of electrons separately in the conduction
and valence bands [105, 80].
The spontaneous emission rate drem of photons per energy interval at a photon
energy h¯ω for recombination between conduction-band electrons and valence-band
holes is given by [101, 105, 106]:
drem(h¯ω) = α(h¯ω)
n2(h¯ω)2
pi2h¯3c2o
dh¯ω
exp( h¯ω−µγkT )− 1
(2.15)
where n is the refractive index, co is the speed of the light in vacuum, α(h¯ω) is the
absorption coefficient, k is the Boltzmann constant, T is the temperature in Kelvin.
The absorption of a photon in the semiconductor can excite an electron via intra-
band transition as well as band-to-band transition. However, it has to be noted that
the equations derived here are only applicable to the case where transition of elec-
trons occurs between the conduction band and the valence band at the same temper-
ature. The photon absorption due to free carrier absorption, where transitions take
place between states in the same Fermi distribution is not considered. A good model
of including reabsorption due to free carrier absorption can be found in [107].
Equation 2.15 has to be integrated over the thickness of the sample d to obtain the
emitted spectral photon current density [108, 106]:
djem(h¯ω) =
h¯ω
4pi2h¯3c2o
α(h¯ω)(1− R f )exp[−α(h¯ω)d]
1− R f Rbexp[−2α(h¯ω)d]∫ d
o
[exp(α(h¯ω)z) + Rbexp(−α(h¯ω)z)]exp
(
− h¯ω
kT
)
exp
(µγ
kT
)
dzd(h¯ω)
(2.16)
where for most cases of interest, -1 in equation 2.13 can be neglected as h¯ω  µγ.
The integrated emission of photons in a hemispherical djem(h¯ω) can be described
by the absorptivity A(h¯ω) of the body by [108, 80, 106]:
djem(h¯ω) = A(h¯ω)
(h¯ω)2
4pi2h¯3c2o
exp
(
− h¯ω− µγ
kT
)
d(h¯ω) (2.17)
Equation 2.17 can be used to calculate band-to-band absorptance from photolu-
minescence intensity [80, 79, 81]. For samples with symmetrical surfaces and under
normal illumination, with multiple reflections are taken into account, the relationship
between absorptivity and absorption coefficient is given by [108]:
A(h¯ω) =
(1− R(h¯ω))(1− e−α(h¯ω)d)
1− R(h¯ω)e−α(h¯ω)d (2.18)
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where R(h¯ω) is the reflectance of the air/wafer interface. If the front R f and back
reflectance Rb of the solar cell are different, the equation for absorptivity can be
written as [108, 106]:
A(h¯ω) =
(1− R f )[(1− Rbe−2α(h¯ω)d − (1− Rb)e−α(h¯ω)d)]
1− R f Rbe−2α(h¯ω)d
(2.19)
Equation 2.18, 2.19 and 2.17 allow to calculate the absorption coefficient value of
semiconductor materials from photoluminescence [108, 109, 110].
2.6.2 The application of Generalized Planck’s law for determining absorp-
tion in semiconductors
Based on the generalized Planck’s law for photon emission, Daub et al. [108], Trupke
et al. [111] and Nguyen et al. [109] extracted the absorption coefficient values α(h¯ω)
of crystalline silicon wafers from the photoluminescence spectra in the photon energy
range below the band-gap. Silicon wafers with polished surfaces were used and
the photon escape probability follows Schick et al.’s model in which the internal
reflection of emitted photons at the each surface were assumed to be specular [104].
Optical models that provide the theoretical description of luminescence spectra
of textured silicon wafers were derived by Rüdiger et al. [112] and Kirchartz et al.
[113, 114] independently. In both cases, they assumed Lambertian reflection at both
surfaces. A more generalized model which can express the photo/electrolumines-
cence of silicon wafers with any configuration of planar and arbitrary rough surfaces
is derived by Schinke et al. [107, 115]. With a weighting factor Λ (0≤ Λ ≤1) de-
termines the randomization of the reflected light at each surface, Schinke’s model
is capable of simulating silicon wafers with surfaces interposed between two planar
and two Lambertian surfaces.
In general, the densities of electrons n and holes p and absolute values of PL
intensities are necessary to calculate α(h¯ω) using Equation 2.16.
n = Ncexp
(
eFC − eC
kT
)
p = Nvexp
(
eV − eFV
kT
) (2.20)
where Nc and Np are the effective densities of states in the conduction band with
energy Ec and valence band with energy Ev respectively.
However, if the sample has homogeneous distributions of electrons and holes and
very low surface recombination velocity, and the diffusion lengths are much longer
than the sample thickness, djem(h¯ω) is proportional to A(h¯ω) · (h¯ω)2 · exp
(
− h¯ωkT
)
.
Or if the absorption is very small, α(h¯ω)d  1, the reabsorption of photon can
be neglected, and the emitted spectrum will no longer depend on the distribution
of electrons and holes. The emission intensity djem(h¯ω) is then proportional to
α(h¯ω) · (h¯ω)2 · exp
(
− h¯ωkT
)
. This method of extracting absorption coefficient from
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photoluminescence is applicable to direct band-gap materials as well. In Chapter 8,
photoluminescence spectra is measured to extract the band-to-band absorption coef-
ficient αBB(h¯ω) of organic-inorganic hybrid perovskite methylammonium lead iodide
(CH3NH3PbI3) films in the spectrum range of 675 nm to 1400 nm.
The radiative recombination coefficient is an important parameter for the under-
standing of the temperature dependence of the light emitting properties of crystalline
silicon solar cells. The radiative recombination coefficient B(h¯ω, T) of the material
can be determined by band-to-band absorption coefficient α(h¯ω) and the intrinsic
carrier concentration n2i as:
B(h¯ω, T) =
1
n2i
· α(h¯ω) (h¯ω)
2n2
pi2h¯3c2o
· exp
(
− h¯ω
kT
)
(2.21)
Trupke et al. [111] calculated B(h¯ω) from the absorption coefficients determined
at different temperatures from photoluminescence spectra of silicon wafers. Nguyen
et al. [116] used the absorption coefficient data obtained in an extended tempera-
ture range [109] and calculated the product of the radiative recombination coefficient
and the intrinsic carrier density of crystalline silicon. In Chapter 8, the temper-
ature dependence of αBB(h¯ω) is calculated from the photoluminescence spectra of
CH3NH3PbI3 in the temperature range of 80-360 K. Based on the temperature de-
pendent αBB(h¯ω), the product of the radiative recombination coefficient and square
of the intrinsic carrier density B(T)× n2i is also obtained.
Trupke et al. [80] applied the generalized Planck’s law to extract the absorptance
of planar and textured silicon wafers from the electroluminescence spectra. The main
advantage of this technique is that the absorptance for band-to-band transitions can
be determined without the interference by free carrier absorption which is not ac-
cessible by conventional transmission and reflection measurements. In Chapter 3
and 5, we extend the method of Trupke to extract the absorptance from the photo-
luminescence spectra. In Chapter 3, the silicon wafers with plasmonic light trapping
structures are studied with this technique, and silicon wafers with various combina-
tion of textured surfaces are studied in Chapter 5.
Rau [114] provided a rigorous proof for a reciprocity relation that relates the
spectrally resolved electroluminescence IEL to the quantum efficiency of solar cells
and light emitting diodes per photon energy interval d(h¯ω) into a solid angle dΩ.
IEL(h¯ω) = Ibb(h¯ω)EQE(h¯ω)×
[
[exp
(
qV
kT
)
− 1
]
(2.22)
where qV is the junction voltage across the device.
The reciprocity relation allows for modeling the external quantum efficiency of
solar cell device from its electroluminescence and vice versa [117, 118, 42]. Similarly
in Chapter 5, we use the absolute absorptance extracted from PL spectra of a high
efficiency back-contact (BC) solar cell and compare it with the measured external
quantum efficiency (EQE) of the same solar cell.
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2.7 Summary
Both plasmonic particles and diffuse back reflectors have already been proved to
be effective scattering structures when independently applied on the rear side of
thin-film solar cells. The combination of these strategies is therefore interesting to
investigate. Initially, Ouyang et al. tried white acrylic paint as a detached reflector
placed on the side of cells with Ag nanoparticles and increased the photo-current
by 9% comparing with the cells with only Ag nanoparticles [119]. More recently,
Basch et al. achieved a significant enhancement of 100% in photo-current, which
is almost 73% value of ideal Lambertian reflector, by applying Snow Globe Coated
diffuse reflector with Ag nanoparticles on a thin poly c-Si solar cell [71]. However,
more extend experiments need to be done to optimize the combined structure of
plasmon and diffuse back reflector on c-Si solar cells, and also more modeling work
is required for understanding its light trapping mechanisms.
In following chapters of the thesis, we extend the application of plasmonic light
trapping and the diffuse reflector to improve the rear side light management of
wafer-based silicon solar cells. Lambertian light trapping is used as a benchmark
to evaluate the performance of different designed structures. The enhancement of
the band-to-band absorption within the silicon substrate extracted from the pho-
toluminescence spectra is the main measure for quantitative analysis. Along with
the fabrication and optimization of the rear side light management, the underlying
physics and the understanding of the light trapping mechanism will be discussed
thoroughly.
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Chapter 3
Evaluating silicon solar cells with
diffuse reflector and plasmonic
light trapping
3.1 Introduction
In this chapter, we demonstrate experimentally that a back reflector structure with
Ag plasmonic particles embedded between a dielectric and diffuse reflector can sup-
port excellent light trapping performance in monocrystalline silicon solar cells which
is comparable with the traditional inverted pyramid texturing structure. We use
spectrally-resolved photoluminescence to quantify the absorptance, which allows
parasitic absorption to be excluded and provides a rapid method for assessing light
trapping. Photo-conductance based measurements of the effective carrier lifetime at
relevant injection levels also show that surface passivation is not degraded [79].
Plasmonic structures have several advantages over conventional geometrical tex-
tures as they can be used for thin crystalline silicon and multi-crystalline silicon
where pyramid texturing is not feasible. They can also be applied to a planar semi-
conductor layer, avoiding the need to etch the active region of the device, in turn
avoid the damage to the surface passivation of the solar cell. Furthermore, the surface
plasmon resonance can be tuned to couple with the desired wavelength range where
silicon has poor absorption of the light by controlling the parameters of the plas-
monic particles [32, 61]. The scattering properties of plasmonic particles are largely
influenced by the dielectric environment, particle shape and size and the metal that
is used to fabricate the particles [32, 62, 61, 120, 121, 122, 100, 33].
It is beneficial to apply plasmonic structures at the rear rather than the front side
of a solar cell, as in this way loss of short wavelength light can be avoided [61]. To ob-
tain good light trapping with plasmonic particles, it is necessary to include a reflector
structure as well as the particles. There have been a limited number of works on ap-
plying plasmonic nanostructures with reflectors to solar cells. Ouyang et al. achieved
44% of photo-current enhancement by applying Ag nanoparticles on the rear side of
2 µm thick polycrystalline silicon (poly-Si) solar cells [119]. A 50% enhancement
was reported by Rao et al. on a 2 µm thick poly-Si based solar cells with optimized
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dielectric environment [99]. Ferry et al. reported photo-current enhancement in
ultra-thin amorphous silicon solar cells by applying plasmonic nanostructures in the
Ag/ZnO:Al back contact of the cell [100]. Later Paetzold et al. increased spectral
response by employing a similar structure on µc-Si:H solar cells [33]. Recently, Yang
et al. reported a maximum of 4-fold external quantum efficiency enhancement at
1160 nm and 16% current enhancement in the 900-1200 nm wavelength region by ap-
plying silver nanoparticles and a detached silver reflector to wafer-based solar cells,
in comparison with cells with an Al reflector [123].
Diffuse coatings made from dielectric particles have been used as back surface
reflectors (BSR) in photovoltaic applications for over a decade. In 1998, Cotter first
applied dielectric particles as diffuse reflectors on solar cells [45, 46]. Berger et al.
increased the short-circuit current density by 41% for a very thin cell with a com-
mercially available TiO2 white paint as diffuse reflector, and experimentally demon-
strated that the white paint is better than Al, air, TCO/Al stack and detached mirror
as a BSR [124]. Recently, Basch et al. achieved an enhancement of 35% in short cir-
cuit current by applying TiO2 particles as BSR on a poly-Si thin-film solar cells [70],
and increased this to 100% enhancement by combining plasmonic particles with the
TiO2 reflector [71]. A comprehensive review on the development of dielectric based
diffuse reflector has been presented in Chapter 2. This chapter discusses the ex-
perimental demonstration of an excellent light trapping achieved by combination of
diffuse reflector and scattering plasmonic nanoparticles on crystalline silicon wafers.
As well as metallic reflectors, dielectric reflectors are also promising for integrating
with plasmonic structures due to their high reflectance over a broad spectral range,
low-cost and chemical stability.
3.2 Determining the band-to-band absorption in silicon with
photoluminescence
Plasmonic scattering is very sensitive to the size, shape and location of the structures,
so there is a wide range of parameters that must be assessed in order to find the best
structure. It is therefore necessary to be able to easily quantify the light trapping
achievable by any particular structure.
With the conventional method for determination of absorption (i.e., measurement
of transmission and reflection spectra), it is impossible to avoid parasitic absorption,
i.e. free carrier absorption and the absorption in the non-active layers, which do not
contribute to the photo-current generation. For useful absorption which can gener-
ate electron and hole pairs, photons excite electrons from the valence band to the
conduction band. In the inverse process, electrons transition between the conduction
band and the valence band and can emit photons back into medium. According
to Kirchhoff, a good absorber is a good emitter at the same condition, and Würfel
has extended this to non-thermal emission such as luminescence [101]. Thus any
absorption enhancement within the semiconductor will be indicated in its emission,
and any increase in emission corresponds to an increase in absorption. In a silicon
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wafer, both carrier densities and the optical properties of the sample determine the
luminescence intensity at a given wavelength. The carrier densities of the sample de-
termine the internal generation rate of emitted photons, while the optical properties
determine the probability of a photon escaping the sample and contributing to the
measured spectrum [107]. By studying the luminescence spectra of silicon wafers
with and without light trapping structures, we can derive the portion of photons
that lead to effective electron-hole pair generation. This method is valid for solar
cells in all stages of the fabrication process, and is especially valuable for silicon
wafers that have not got a complete p-n junction structure. There are a number of
studies in the literature that model the spectral distribution of photo/electrolumines-
cence emission of silicon wafers or solar cells [101, 80, 125, 126, 113]. The relationship
between spectral photoluminescence intensity per energy interval and band-to-band
transition absorptivity can be described as follows [80, 125, 107]:
IPL(h¯ω) = Cexp
(
eF.C − eF.V
kT
)
ABB(h¯ω)2exp
(
h¯ω
kT
)
d(h¯ω) (3.1)
Here C is a constant of proportionality, eF.C − eF.V is the difference of the quasi-
Fermi energies, ABB is absorptivity for band-to-band transitions, k is the Boltzmann
constant, T is the temperature in Kelvin, h¯ω is photon energy (h¯ is the reduced Planck
constant, and ω is the angular frequency of the photon). Equation 3.1 is valid for
situations where the difference in quasi-Fermi energies is constant across the device,
which is the case for the high quality, passivated, silicon wafers we use in this study.
The method of extracting absorptance from luminescence was first developed and
used by Trupke et al., using electroluminescence [80].
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Figure 3.1: Normalized generation rate at 785nm in silicon wafer
According to 3.1, the luminescence spectrum can be divided by (h¯ω)2exp
(
h¯ω
kT
)
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to obtain the absorptance of the wafers with each type of light trapping structure
as a function of wavelength. The absorptance that we extract here are only relative
values since the PL intensities we measure are in arbitrary units. These need to
be converted into absolute values by being normalized to 1− R at the high energy
range, where R is the front surface reflectance. The samples we consider here have
light trapping structures on the rear of the device, and we illuminate with a laser
with photon energy well above the band-gap of silicon. The normalized generation
rate of silicon wafer at 785nm incident laser is shown in Figure 3.1 where almost all
the light generation happen at the first 60 microns of the wafer. Therefore absorption
of the illuminating laser by a sample is the same whether the light trapping structure
is present or not. Our approach could also be used for light trapping structures on
the front of a sample, but in that case the difference in reflection for the cases with
and without light trapping structures would need to be taken into account.
3.3 Experiment
3.3.1 Sample preparation
Figure 3.2: Schemetic illustration of passivated silicon samples with Ag nanoparticles (AgNP)
and diffused white paint as BSR on the rear side.
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Figure 3.3: SEM images of AgNP formed from various mass thicknesses of evaporated Ag,
followed by annealing.
A schematic diagram of the studied structure is shown in Figure 3.2. 1.5 Ω·cm 250
µm n-type Czochralski mono-crystalline silicon wafers are used for the study. The
first step is saw damage etching. Then one of four types of dielectric layers are coated
on both sides of each wafer: plasma-enhanced chemical vapor deposited amorphous
silicon (100 nm PECVD a-Si:H), PECVD silicon nitride (20 nm PECVD SiNx), atomic
layer deposited aluminum oxide (5 nm,10 nm and 20 nm ALD Al2O3 respectively),
and thermally grown silicon oxide (20 nm SiOx). The samples are annealed in form-
ing gas (FGA) at 400 ◦C for 30 minutes to activate the passivation. Ag films with
thicknesses of 15, 21, 27, 33 and 39 nm are thermally evaporated on the rear side of
wafers followed by a 50 minutes at 250 ◦C annealing in a furnace with nitrogen atmo-
sphere. Scanning electron micrographs of the resulting nanoparticles are shown in
Figure 3.3. After the nanoparticle fabrication process, a 200 µm thick layer of barium
sulfate based non-luminescent diffuse white coating is uniformly sprayed on the sam-
ples as BSR and dried at room temperature. Quasi-steady-state photo-conductance
measurement [127] is taken before and after the nanoparticle fabrication process to
determine the effective minority carrier lifetime and hence examine the effect on
passivation property.
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3.3.2 Spectrally resolved photoluminescence measurement
Figure 3.4: Schematic diagram of the system set-up for photoluminescence measurement
A schematic diagram of the PL system is presented in Figure 3.4. To take the photo-
luminescence spectra, we illuminate the samples at room temperature (295 K) with
a 785 nm, 252 mW free running laser diode source at close to normal incidence.
The emitted photoluminescence is focused and transmitted into a double-grating
monochromator with 600 grooves/mm and 1000 nm blaze, and detected with a liq-
uid nitrogen cooled InGaAs detector in the wavelength range of 900 nm to 1400 nm.
A long pass filter with a cut-off wavelength of 800 nm is used to prevent any laser
light reaching the detector. The value of intensity is corrected for the spectral re-
sponse of the detector across the measured wavelength range. A Perkin Elmer 1050
spectrophotometer with an integrating sphere detector is used to measure the re-
flectance R and transmittance T of the samples in the wavelength range of 300 to
1200 nm.
3.4 Results and discussion
3.4.1 Surface passivation
In order to use the PL spectrum to extract the absorptivity, one needs to assume
a homogeneous electron and hole distribution in the wafer [108, 101, 80]. There-
fore samples with high minority carrier lifetimes, i.e., with minority carrier diffusion
length much longer than the wafer thickness, are used in this experiment. In addi-
tion, for light trapping to be applicable to wafer-based solar cells, it is important that
both effective light trapping and surface passivation can be simultaneously achieved.
Therefore it is important to be able to characterize both the light trapping and surface
passivation achieved by a scattering structure.
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Figure 3.5: Measured effective lifetime for silicon wafers with ND=2.6×1015cm−3 passivated
with various dielectric films before and after (Ag) fabricating silver nanoparticles.
The effective lifetime as a function of excess carrier density for four samples with
Al2O3 , SiNx, a-Si:H and SiOx passivation, before and after applying Ag nanoparti-
cles, is shown in Figure 3.5. The measured effective lifetime of same samples remains
constant (up to 6.6 ms at an injection level of 1×1015cm−3 for 10 nm Al2O3 passivated
wafers) before and after the nanoparticle fabrication process, which shows that the
excellent passivation of the Al2O3 SiNx and a-Si:H is maintained in the presence
of the Ag nanoparticles. For samples with 20 nm thermally grown SiOx and 5 nm
ALD Al2O3 (not shown), the effective lifetime has significant degradation of up to
40% after Ag nanoparticles were applied. This could be because the dielectric films
are too thin or because pin holes are present in the films, allowing the Ag to pen-
etrate through and damage the passivation layers. Reduction in passivation quality
may lead to disparity in the quasi-Fermi energy difference between surface and bulk
regions of the wafers, meaning Equation 3.1 becomes increasingly invalid in these
cases. Therefore these passivation layers are not used in further experiments.
3.4.2 Photoluminescence enhancement
The photoluminescence spectra for a sample with 10 nm Al2O3 passivation layer,
with (green dashed line) and without (blue dash dot line) Ag nanoparticles and BSR
are shown in Figure 3.6 (right axis). The spectra overlap at short wavelengths, but
the photoluminescence for the sample with Ag nanoparticles and BSR is much larger
at long wavelengths.
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Figure 3.6: (Primary Y-Axis, left) Absorption spectra of 10 nm Al2O3 passivated planar sam-
ple (blue squares), sample with only diffuse coating as BSR (orange downward triangles) and
sample with Ag+BSR (green dots). For comparison, the absorption expected with an ideal
Lambertian light trapping on the rear is also shown (red upward triangles); (Secondary Y-
Axis, right) Photoluminescence spectra of the planar sample (dash dot blue line), the sample
with BSR (dash dot dot orange line) and the sample with Ag+BSR (dashed green line) used
to obtain the absorption spectra.
The intensity of photoluminescence emitted at a given wavelength is determined
by both the carrier densities (which in turn are determined by the effective lifetime
in the active layer), and the optical properties of the sample. In the short wavelength
region (<1000 nm) where the absorption depth of photons is significantly less than
the wafer thickness, the optical properties of the rear side are irrelevant, as pho-
tons reflected or scattered from the rear cannot reach the front surface to be emitted
and detected. The overlapping PL spectra of both the planar and Ag+BSR samples
therefore indicate that the effective lifetime τe f f of both samples is the same. This is
expected, since we are measuring the photoluminescence spectra under high injec-
tion conditions (>6×1016cm3), for which the lifetime is Auger dominated [128]. In
order to sensitively detect changes in the surface recombination velocity, it is neces-
sary to measure the lifetime under lower injection levels, such as with the QSSPC
technique as in section 3.4.1.
For wavelengths longer than 1000 nm, the absorption depths are much longer
than the wafer thickness, meaning reflectance and scattering from the rear side play
a large role in the intensity of photons emitted from the front. This means that the
enhancement in the wavelength range from 1000 to 1350 nm is subject to the light
trapping effect of the plasmonic particles and back surface reflector. Because the
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effective lifetime is the same before and after applying the light trapping structure,
any change in the photoluminescence must come from changes in the absorptance.
Figure 3.6 (left axis) shows the absorptance obtained from the PL spectra using
Equation 3.1. Since Equation 3.1 contains an unknown constant C, it is necessary to
adjust the obtained absorptance spectrum to a separately measured value. In order
to do this we measure the reflectance R using a PerkinElmer UV/Vis/NIR Lambda
1050 integrating sphere spectrophotometer and adjust the relative absorptance at 975
nm to 1 − R at same wavelength. For comparison we show the absorptance that
would be expected for a Lambertian rear reflector, using the analytical method of
Green [36]. For the Lambertian case, the absorptance is calculated for an ideal rear
light trapping structure with the same front surface reflectance as the experimental
samples.
3.4.3 Fraction of Lambertian enhancement
To quantify the light trapping enhancement we calculate the maximum possible pho-
ton current by multiplying the absorption spectra by the photon flux across the
AM1.5G solar spectrum and integrating from 400 nm to 1300 nm, and compare the
results with the analytical Lambertian model. The absorption that is extracted from
the PL spectra is within the region of 975 to 1300 nm. For the part of the spectrum
from 400 nm to 975 nm we use absorption obtained from reflectance and transmis-
sion measurements using a spectrophotometer, since parasitic absorption within this
wavelength region is expected to be low.
We now compare the calculated currents for each case. JP, JAg+BSR and JLam are
the maximum photon current that the samples with planar surface, Ag+BSR and
Lambertian rear surface could produce, respectively. By comparing the enhancement
JAg+BSR-JP with the enhancement for the Lambertian case JLam-JP we can evaluate
the contribution of each light trapping structure on the rear surface of the wafer.
(JAg+BSR-JP)/(JLam-JP) is the experimental enhancement expressed as a fraction of
the Lambertian enhancement.
Figure 3.7 shows the experimental enhancement values as a function of Ag film
thickness, for various passivation layers. The best performing case is 62% of Lam-
bertian enhancement in absorption, obtained with 27 nm thick Ag on 10 nm Al2O3
passivated wafer (Figure 3.7). This case has a path length enhancement of 11, ob-
tained by dividing the absorptance of the sample with nanoparticles and BSR by the
absorptance of the planar sample in the weakly absorbed, long wavelength range.
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Figure 3.7: The fraction of Lambertian enhancement in calculated photo-current, (JAg+BSR-
JP)/(JLam-JP), as a function of Ag film thickness for various passivation layers. Enhancement
due to only BSR structure is presented as a baseline here (dashed orange line).
We can compare this to the standard light trapping scheme of inverted pyramid
texture, where the average path length enhancement of weakly absorbed light is 16
[80]. The inverted pyramid texture on the front surface of solar cells can provide
both light trapping and anti-reflection. Since our Ag+BSR structure is only on the
rear of the cell, we only compare the light trapping properties between the two, not
anti-reflection. The absorption in a substrate can be estimated by using:
A =
1− R (λ)
1−R(λ)
PLEα(λ)W + 1
(3.2)
PLE refers to path length enhancement, W is the width, α(λ) is the absorption
coefficient, and R is the front surface reflectance. Using PLE = 16 and the experi-
mental front surface reflectance, calculating the maximum achievable photo-current
results in 67% of the ideal Lambertian enhancement.
The enhancement in absorption for the combination of plasmonic particles and
BSR is much larger in all cases than for the BSR alone. This is because the Ag
particles can scatter at high angles within the silicon, outside the escape cone. In
contrast, although the BSR reflects light very effectively, much of the light reflected
by the BSR is within the escape cone due to the "focused Lambertian effect" [46, 71].
For 10 nm Al2O3, 20 nm Al2O3 and 20 nm SiNx passivated wafers, the absorption
increases with the Ag film thickness (15 nm, 21 nm and 27 nm) until 27 nm, then
starts to decrease for thicker films (33 nm and 39 nm). The increase in absorption
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with Ag mass thickness is because larger mass thicknesses lead to larger particles
(see Figure 3.3). These larger particles have a red-shifted surface plasmon resonance
that is better matched to the wavelength region where silicon can benefit from light-
trapping [122, 129]. For a-Si:H passivated samples, the optimum thickness is 21
nm, and then there is a clear degradation with thicker films. This is due to the
higher refractive index film, which is also effective at red-shifting the surface plasmon
resonance. In this case relatively smaller particles have the best coupling efficiency
on a-Si:H compared with other types of dielectric layers.
3.4.4 Optical characterization
Figure 3.8: Measured reflectance of 20 nm ALD Al2O3 passivated wafers with various mass
thicknesses of Ag films.
For samples with Ag films thickness beyond 27 nm, the particles tend to form a
continuous film, as shown in Figure 3.3. This causes more reflection than scattering,
which increases the possibility of incident light being reflected out of the silicon
within the loss cone (Figure 3.8).
10 nm and 20 nm Al2O3 passivated samples show the same enhancement trend
for Ag thickness less than 27 nm. We could not obtain reliable results for 10 nm
Al2O3 passivated samples with Ag films 33 nm or thicker. The reason that the 10 nm
passivated samples have better performance than 20 nm ones is that the coupling
efficiency of nanoparticles with incident light gets stronger as the dielectric between
nanoparticles and silicon gets thinner [121, 122]. The 100 nm a-Si:H case also results
in good coupling between the Ag particles and the silicon because of the high re-
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fractive index of the a-Si:H. Since the a-Si:H has a similar refractive index to c-Si, the
coupling between the Ag particles and c-Si is expected to be about the same as if
there were no a-Si:H film at all. (In contrast, if 100 nm of Al2O3 or SiNx were used,
we would expect very little effect of the Ag particles due to poor coupling). Overall,
however, the performance of the a-Si:H passivated samples is lower than that of the
10 nm Al2O3. This could be due to parasitic absorption within the relatively thick
a-Si:H layer.
3.5 Conclusion
The method of extracting band-to-band absorptance from photoluminescence spec-
tra is a useful way to calculate the absolute absorption within the active layer, as
free carrier absorption and the parasitic absorption can be excluded. It allows rapid
comparison of a wide variety of light trapping structures. With self-assembled plas-
monic Ag particles, excellent optical enhancement can be achieved for photovoltaic
applications without sacrificing the electrical performance of the device. 10 nm ALD
aluminum oxide combined with nanoparticles formed from a 27 nm thick Ag film,
together with a diffuse back reflector, has provided the best light trapping among
all those structures, with performance comparable with the light trapping provided
by inverted pyramids. The combination of plasmonic particles with a back reflector
is particularly promising for application to thin film cells, and also interesting for
multi-crystalline silicon solar cells where conventional random pyramid texturing is
not feasible. Based on the result of this study, the optimized plasmonic nanoparticles
are applied into the rear structure of back contacted solar cell in the next chapter. The
technique of band-to-band absorptance can also be used to evaluate the performance
of a range of light trapping structures as shown in the following chapters.
Chapter 4
Photoluminescence enhancement
towards high efficiency plasmonic
solar cells
4.1 Introduction
The absorption enhancement in silicon wafers by applying nanophotonic structures
has been demonstrated in Chapter 3. In this chapter, plasmonic nanoparticles are in-
tegrated into a conventional rear contact structure that mimics the interdigitated back
contact (IBC) solar cell to increase the optical response of the solar cell in the near
infrared region. Experimental investigation is carried out on n-type silicon wafers
to incorporate the plasmonic particles with the standard fabrication process of IBC
solar cells. A rear side light trapping structure with plasmonic nanoparticles and
various thicknesses of Si3N4 layer with a metal reflector is studied and compared to
a structure with combined plasmonics and diffused paint, which has been proved to
be an excellent light trapping structure in Chapter 3. Photoluminescence is applied
to extract the absorptance in order to exclude parasitic absorption. By comparing
the absorptance of each structure with an ideal Lambertian structure, we find that
the absorption within a cell structure with plasmonic nanoparticles and optimum
capping layer is expected to be enhanced by 53% of value for an ideal Lambertian
reflector. Based on the PL extracted absorptance, a model with standard IBC param-
eters is used to estimate the potential gain in the external quantum efficiency in the
band gap region.
4.2 Improving the rear optics of high efficiency silicon solar
cells
4.2.1 Interdigitated back contact solar cells
The interdigitated back-contact (IBC) cell refers to a type of cell structure where both
positive and negative external contacts are located at the back side [130] (shown in
Figure 4.1). Compared to the cell with front contact, IBC offers many advantages
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such as no shading loss, reduced grid resistance, improved front surface passivation
and improved conversion efficiency in the blue part of the spectrum as well as re-
moving the lateral transport loss at the front emitter. Furthermore, IBC cells have
the advantage of simpler cell interconnection for reduced module assembly cost and
better appearance [131].
Figure 4.1: Schematic structure of interdigitated back contact (IBC) silicon solar cell.
The interdigitated back-contact (IBC) cell concepts was first proposed in 1975 by
Schwartz and Lammert of Purdue University for concentrator applications [132, 133].
Research on IBC cells was then carried out at Sandia [130] and Stanford University
[134, 135]. In 1985, a solar cell company called SunPower was established to com-
mercialize Stanford‘s IBC technology. In 2010 efficiencies of large-area solar cells
(155.1 cm2) up to 24.2% in a commercial production environment were reported by
SunPower [136]. Currently IBC is widely studied by many other research institutes
and PV companies. Research institutes including ANU [137], IMEC [138], ISFH [139]
and Fraunhofer ISE [140] have reported IBC with cell efficiencies above 23% for a
small area between 4 cm2 and a 5 inch wafer. IBC solar cells have also proven to be
a highly efficient cell structure for heterojunction silicon solar cells, and are capable
of reaching conversion efficiencies above 25%. Heterojunction IBC cells with over
25% efficiency have been reported by leading manufacturers such as Panasonic [16],
Sharp [141] and SunPower [142] as new records for single junction silicon solar cells
efficiency.
4.2.2 Implementing plasmonic nano-particles in IBC cells
Like other conventional cell designs, geometrical scale surface texturing is used as a
main technique to enhance the light absorption within the active layer for IBC solar
cell, such as upright or inverted pyramids and random texture [143, 144]. Scattering
by plasmonic particles has been proven to be an alternative method for increasing ab-
sorption in solar cells, with the advantage of avoiding the need to texture the active
region of the cell [79]. However, there is also limitation for applying nanoparticles
on solar cells. If the nanostructures are applied on the front side of the solar cells,
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in the spectral region with wavelengths longer than the surface plasmon resonance
wavelength of nanoparticles, the presence of nanoparticles leads to constructive inter-
ference between transmitted and scattered light, thereby increasing the photocurrent
response in solar cells. But at wavelengths shorter than the particle resonance, a re-
duction in photocurrent response occurs due to the destructive interference between
transmitted and scattered field components. This phenomenon can be prevented by
applying the nanoparticles on the rear side of solar cells [61, 145]. This means that
plasmonic light trapping structures need to be applied at the rear of a solar cell, and
therefore integrated with the rear reflector structure.
Figure 4.2: (Left) The experimental structure with plasmonic Ag particles embedded between
a thin Al2O3 layer and a thicker Si3N4 layer. (Right) SEM image of Ag nanoparticles with 27
nm thickness deposited.
In industrial applications of IBC solar cell, it is important to include a capping
layer, for example Si3N4, to prevent the penetration of metal through the passivation
layer [146] and increase the internal reflectance by reducing the penetration of the
evanescent waves to the metal [147]. Therefore, we add a layer of plasma enhanced
chemical vapor deposition (PECVD) deposited Si3N4 as a capping layer between
the nanoparticles and reflector. A plasmonic light trapping structure with various
thickness of Si3N4 layer is investigated in terms of absorption enhancement within
the silicon wafer. As a relevant comparison, we also include results of a rear side light
trapping structure with combined plasmonics and diffuse coating reflector which
was optimized in Chapter 3 [79].
A simplified device structure, mimicking a high efficiency rear contact silicon
solar cell (shown in Figure 4.2) is fabricated by first saw damage etching 1.5 Ω·cm
250 µm n-type Czochralski mono-crystalline rear-side polished samples. A stack of
15 nm atomic layer deposited aluminum oxide is applied on both front and rear,
followed by thermal evaporation of silver film having thickness of 27 nm on the
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rear. The silver thickness determines the average diameter of the nanoparticles after
annealing. 27 nm is the optimized thickness for the application on the rear side of
250 µm thick solar cells. The samples are then annealed in nitrogen ambient at 250
◦C for 50 minutes, which forms the Ag nanoparticles (AgNP) shown in Figure 4.2.
Following the AgNP formation, PECVD silicon nitride is deposited on the front side
of the sample (60 nm) as an anti-reflection coating (ARC) and on the rear (60, 90, 120
and 150 nm) as a capping layer using a standard PECVD process at 300 ◦C. Then
a blanket Ag (∼1 µm) is thermally evaporated on the rear to form the back surface
reflector (AgNP/Si3N4/Ag). As a comparison, a 200 µm commercially available
barium sulfate based non-luminescent diffuse reflector (DR) is uniformly sprayed as
back surface reflector instead of the Si3N4/Ag structure. A layer of 60 nm Si3N4 is
also deposited by PECVD on front side of these wafers.
The photoluminescence spectrum (PLs) is then measured by illuminating the
samples with a laser source powered by 252 mW free running diode at 785 nm.
The emitted radiation is detected with a liquid nitrogen cooled InGaAs detector. The
value of intensity is corrected for the spectral response of the detector across the
measured wavelength range. More details about capturing the PL spectra of silicon
wafers have been discussed in Section 3.3.2.
4.3 Results and discussion
4.3.1 Photoluminescence enhancement for plasmonic cells structures
Figure 4.3: Measured effective carrier lifetime of planar silicon wafer and wafer with Ag
nanoparticles as a function of ∆n.
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One of the big advantages of applying plasmonic nanoparticles as light trapping
structures on silicon solar cells is avoiding introducing additional surface recombi-
nation. This is confirmed in Chapter 3 when plasmonic particles are applied with a
diffuse reflector. However, in this study, after the fabrication of AgNP there is one
more step of depositing Si3N4 in PECVD chamber at 300 ◦C. Therefore, it becomes
crucial that the surface passivation quality of the solar cell remain the same before
and after the fabrication of AgNP/Si3N4/Ag structure. This is confirmed by measur-
ing the effective minority carrier lifetime of the passivated sample with and without
AgNP/Si3N4/Ag with a QSSPC lifetime tester [127]. As shown in Figure 4.3, the
effective lifetime of the same sample remains barely changed across the range of
carrier injection levels before and after the application of AgNP/Si3N4/Ag on the
structures.
Figure 4.4: Photoluminescence spectra of cell structure with planar rear side and sample
with AgNP/120 nm Si3N4/Ag and the absorptivity of each type of structures extracted from
the photoluminescence spectra.
Based on the photoluminescence spectrum of each structure measured, the abso-
lute absorption within the silicon wafer is calculated using Equation 3.1, adjusted via
the short wavelength reflectance measured with a spectrophotometer. For the pla-
nar sample (Figure 4.4), we matched the relative absorptivity at 965 nm to 1− R at
the same wavelength as measured using a PerkinElmer UV/Vis/NIR Lambda 1050
integrating sphere spectrophotometer. For sample with AgNP/Si3N4/Ag rear light
trapping structure, we matched the relative absorptivity at 1050 nm to 1− R.
As shown in Figure 4.4, the PL intensity has a notable enhancement due to the
present of plasmonic particles on the rear side compared with the planar rear sample.
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In the short wavelength region (<1000 nm) where the absorption depth of photon is
significantly less than the wafer thickness, the optical properties of the rear side are
irrelevant, as these photons reflected or scattered from the rear cannot reach the
front surface to be emitted and detected. The overlapping PLs of samples with and
without AgNP therefore demonstrate that the effective lifetime τe f f of both samples
are the same. However, the absorption depths at above 1000 nm spectrum are much
longer than the wafer thickness, meaning that reflectance and scattering from the
rear side plays a large role in the intensity of photons emitted from the front. So the
enhancement in wavelength range from 1000 to 1400 nm is due to the light scattering
effect of the plasmonic nanoparticles.
4.3.2 Capping layer thickness optimization
Figure 4.5: The fraction of Lambertian enhancement in calculated photocurrent for
(JAgNP/Si3 N4/Ag − JP)/(JLam − JP) in orange squares as a function of Si3N4 film thickness
and FLE of (JAgNP/DR − JP)/(JLam − JP) in the blue triangle.
The absorptance of the samples with different thickness of Si3N4 are extracted
from the PL spectra. In order to quantify the light trapping enhancement for sam-
ples with different thickness of capping layer and rear structure, we calculate the
maximum possible photon current by integrating the absorption spectra over the so-
lar spectrum AM1.5G in the wavelength rang of 400 nm to 1300 nm, and compare
the results with an analytical Lambertian model based on [36]. The absorption is
extracted from the PL spectra within the range 1050 to 1300 nm. The remaining part
of the spectrum from 400 to 1050 nm uses absorption obtained from reflectance and
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transmission measurements using a spectrophotometer, since free carrier and the par-
asitic absorption within this wavelength region is expected to be low. We calculate
the maximum possible photon current for each type of sample (JP, JAgNP/Si3 N4/Ag,
JLam and JAgNP/DR of the samples with planar rear surface, AgNP/Si3N4/Ag, Lam-
bertian and AgNP/DR rear structures, respectively). By comparing the enhancement
JAgNP/Si3 N4/Ag − JP with the enhancement for the Lambertian case JLam − JP we can
evaluate the contribution of each light trapping structure on the rear surface of the
wafer. (JAgNP/Si3 N4/Ag − JP)/(JLam − JP) is the experimental enhancement expressed
as a fraction of the Lambertian enhancement (FLE).
Figure 4.6: Path length enhancement of samples with AgNP/Si3N4/Ag as a function of Si3N4
film thickness and a sample with AgNP/DR.
Figure 4.5 shows the experimental enhancement values as a function of capping
layer thickness, for AgNP/Si3N4/Ag and AgNP/DR structures. The best performing
case is 53% of Lambertian enhancement in absorption, obtained with sample with 120
nm Si3N4 film as capping layer at the rear, which is lower than DR structure with
57% enhancement.
As an alternative way to quantify light trapping properties, we also calculate the
path length enhancement (PLE) of each type of structure obtained by dividing the
absorptance of the sample with AgNP/Si3N4/Ag and AgNP/DR structures by the
absorptance of the planar sample in the wavelength range above 1150 nm (as shown
in Figure 4.6). PLE follows the same trend as the fraction of Lambertian enhancement
in Figure 4.5. The path length enhancement for the structures with Ag reflector varies
from 4.7 to 5.8 depending on the capping layer thickness, with the best enhancement
for the rear side plasmonic structure with 120 nm. This compares to a value of 6.7
for the case of DR.
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4.3.3 Modeled external quantum efficiency enhancement
Similar to the capping layer structure of the high efficiency solar cells [148], we also
use 60 nm Si3N4 on the rear side of wafers to compare the light trapping proper-
ties of structures with and without AgNP. Since the absorption spectrum below 1000
nm is not determined by rear side light trapping, we combine the absorption spec-
trum measured with a spectrophotometer (300-1000 nm) with the spectrum extracted
from photoluminescence measurements (1000-1200 nm) to obtain the whole absorp-
tion spectrum of the structures. Based on the combined absorptance of the samples
with and without AgNP, the external quantum efficiency (EQE) is modeled (Figure
4.7 shows EQE from 950 nm to 1150 nm). With an assumed collection efficiency of
95%, we calculated Jsc of 2.2 mA/cm2 from 1000 nm to 1200 nm for the samples
with conventional back structure and 2.6 mA/cm2 with plasmonic light trapping on
the rear side. The model indicates that in a solar cell, 18% enhancement in current
density over this wavelength range could be expected when integrated with plas-
monic nanoparticles at the rear surface. Higher enhancement in current density is
also expected with the optimum capping layer of 120 nm thickness. However, thicker
capping layer makes the process of opening contact more challenging. Further inves-
tigation is required to adapt thicker capping layer into the cell fabrication process.
Figure 4.7: Modeled EQE of cell structures with and without AgNP based on the absorption
extracted from photoluminescence spectrum.
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4.4 Conclusion and future work
Adding Ag nanoparticles on the rear of solar cells can provide light trapping while
avoiding additional recombination loss. It is a simple and effective light trapping
structure that can be used in a variety of solar cells, including thin-film and wafer
based cells. In addition, the band-to-band absorptivity extraction from photolumi-
nescence is a fast, non-destructive and reliable technique that can be applied in ob-
taining absolute absorption of solar cells in any fabrication stage. By varying the
thickness of capping layer, a maximum of 53% of fraction of the Lambertian en-
hancement is achieved with 120 nm Si3N4 along with AgNP and Ag back reflector
on the rear side of silicon wafers. With plasmonic rear side light trapping, samples
similar to high efficiency solar cell structures have an increase in estimated short
circuit current density of 18% in the spectral range from 1000 nm to 1200 nm.
The challenge for utilizing the plasmonic light trapping in IBC solar cells is that
there is a trade off between enhancing optical performance, and avoiding damaging
the electrical properties of the cell. At the same time, the fabrication process of the
plasmonic structures has to be compatible with high-throughput industrial process-
ing of the solar cell without significantly increasing the cost of fabrication.
Further optimization in rear passivation is required to provide effective light trap-
ping and maintain low surface recombination. As shown in Figure 4.1, both n+ and
p+ junctions are located at the rear of the silicon substrate. It requires a dielectric film
which can passivate both types of diffused surfaces very well. At the same time, the
thickness of the passivation film has be accurately controlled so that the Ag nanopar-
ticles can effectively scatter the light into higher optical modes [61], and prevent the
Ag from penetrating through the film. Although 15 nm of Al2O3 has proven to main-
tain passivation very well on planar wafers after the fabrication of AgNP/Si3N4/Ag
(shown in Figure 4.3), the passivation quality in real solar cell degrades after the final
metalization due to the very complicated structure and fabricating process of IBC so-
lar cells. A dielectric film with higher density and less porous structure could solve
this issue. To achieve this, more experimental study has to be carried out to choose
the right passivation film and fine tune the thickness with considerations of excellent
passivation, maximizing light trapping as well as providing blocking for Ag in mind.
In the next chapter, the technique of extracting band-to-band absorptance from
photoluminescence is used to assess the light trapping performance of a range of
structures on silicon wafers.
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Chapter 5
Photoluminescence for evaluating
textured silicon solar cells
5.1 Introduction
In this chapter, we extend the method of extracting band-to-band absorptance ABB
from PL spectra, previously applied to plasmonic structures only in Chapter 3 and 4,
to evaluate light trapping and quantify the light trapping efficiency (LTE) [82] for a
range of promising structures in crystalline Si wafers. The band-to-band absorptance
is extracted from the photoluminescence spectrum of silicon wafers with different
light trapping structures. By integrating the extracted band-to-band absorptance over
the AM1.5G photon flux spectrum, we calculate the maximum short circuit current
density Jsc of the silicon wafer with each type of structure. We then compare the Jsc
of each sample to the Jsc of an ideal Lambertian model to evaluate the LTE.
5.2 Background
The light management concept of applying diffuse reflector and nanophotonic struc-
tures on the rear side of solar cells has been demonstrated in previous chapters. The
dielectric based reflector, the plasmonic nanoparticles or the combination of the two
have been proven to be very effective at scattering the light at greater angles to en-
hance the path length of the light in the solar cell. However, texturing is still the most
widely applied light managing technique in the c-Si solar cell industry. Commonly
used structures such as randomly arrayed pyramids [34], metal-assisted etched tex-
ture [149] and reactive ion etched textures [150] are effective light management
techniques, providing both light trapping and broad band anti-reflection properties
thereby enhancing the probability of electron-hole pair generation. [35, 30, 44, 36, 42].
As solar cell technology becomes increasingly competitive, accurately estimating
the light trapping induced current enhancement at an early stage of solar cell fab-
rication is very important. It is therefore highly desirable to have a technique that
accurately assesses optical absorption enhancement, with the ability to distinguish
between band-to-band absorption and parasitic absorption [151, 79].
The main focuses of this chapter are evaluating the light trapping properties of
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different structures on silicon by using PL spectroscopy and designing new light
managing structures which provide excellent anti-reflection and light trapping. We
study a range of textured light trapping structures on mono-crystalline silicon wafers:
double side random pyramids texture (RAN), double side metal-assisted etched
texture (MET) [149], and double side reactive ion etched texture (RIE) [150]. For
comparison, we also include plasmonic Ag nanoparticles plus diffuse back reflector
(Ag/DR) structure which has been demonstrated as providing excellent light trap-
ping in Chapter 3 [79, 71]. As RAN and Ag/DR have better light trapping property
but less anti-reflection performance than RIE, a sample with front RIE and rear RAN
textures (RIE/RAN) and a sample with front RIE and rear Ag/DR are tested to
achieve long path length as well as low front reflection loss.
5.3 Experiment
5.3.1 Extracting the absorptance of textured silicon wafers from photolu-
minescence
To take the photoluminescence spectra, we illuminate the samples at room temper-
ature (295 K) with a 785 nm, 252 mW free running laser diode source at close to
normal incidence (shown in Figure 3.4). The emitted photoluminescence is focused
and transmitted into a double-grating monochromator with 600 grooves/mm and
1000 nm blaze, and detected with a liquid nitrogen cooled InGaAs detector in the
wavelength range of 900 nm to 1400 nm. A long pass filter with a cut-off wavelength
of 800 nm is used to prevent any laser light reaching the detector. An optical chopper
with a frequency of 500 Hz and a lock-in amplifier is used to amplify the signal of the
final spectrum. A Perkin Elmer 1050 spectrophotometer with an integrating sphere
detector is used to measure the reflectance R and transmittance T of the samples in
the wavelength range of 300 to 1200 nm. A diffuse reflector with reflectance above
95% is attached on the rear side of each sample for both PL and spectrophotometer
measurements.
According to Eq. 3.1, the photoluminescence spectrum can be divided by
(h¯ω)2exp
(
h¯ω
kT
)
(5.1)
to obtain the relative ABB as a function of wavelength. The absorptivity that we
extract is only relative as the PL is measured in arbitrary units. This is converted
into absolute values by normalizing the relative ABB to the value of 1 − R in the
wavelength range of 950 nm to 1000 nm, where the two spectra have an overlapping
region. Here R is the front surface reflectance measured with the spectrophotometer.
The wavelength range of 950 nm to 1000 nm is chosen for converting the relative
ABB into absolute values based on two requirements: first, the PL emission must
be sufficiently strong to minimize uncertainty; second, the absorption measured by
the spectrophotometer should be dominated by band-to-band absorption. The Si
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wafers have detectable luminescence spectra down to wavelengths of 900 nm but the
spectra are relatively noisy below 950 nm. Above 950 nm the measured PL intensity
is sufficiently strong to provide accurate data for normalization. This sets the lower
wavelength bound for the analysis. The upper wavelength bound for normalization
is determined by parasitic absorption (e.g. free carrier absorption, absorption in
the back reflector) which starts to become significant above 1000 nm in the wafers
being studied. Below 1000 nm, the free-carrier absorption contribution is negligible
[80] and light is fully absorbed in the Si wafer before reaching the back reflector.
Thus it is valid to assume that absorption is dominated by ABB for wavelengths
<1000 nm. Extracted PL absorption spectra do not vary significantly provided the
normalization wavelength is in the range of 950 nm to 1000 nm. We note that the
upper wavelength bound would have to be reduced for thinner Si wafers in order
to meet the requirement of no light reaching the rear reflector, but the lower bound
would remain. Thus there is likely to be a minimum wafer thickness for which this
normalization approach can be applied.
5.3.2 PL extracted band-to-band absorptance vs EQE
In order to validate the accuracy of the PL technique, we use it to extract the abso-
lute absorptance of a high efficiency back-contact (BC) solar cell [148] and compare
the extracted absorptance spectrum with the measured external quantum efficiency
(EQE). Similar studies of the relation between the photovoltaic quantum efficiency
and the electroluminescence spectra (EL) have been reported [114, 118, 117]. The
spectrally resolved EL of solar cells has been used to model their EQE with the opto-
electronic reciprocity between the photovoltaic and photon emission properties of
silicon, where the splitting of the quasi-Fermi levels in Equation 3.1 is replaced by
the junction voltage applied to the solar cell.
Figure 5.1 shows the ABB and EQE of a BC solar cell. The circle represents ABB,
while the triangle is the conventional 1− R− T absorptance measured with a spec-
trophotometer. The blue solid line represents the EQE measurement of the cell. We
can see the ABB value is very close to the EQE of the cell from 1000 nm to 1200 nm,
as opposed to the conventional optical characterization method (1− R− T) using a
spectrophotometer, which clearly highlights the shortcomings of the 1− R − T ap-
proach. The 1− R− T measurement is significantly higher than the EQE in the range
of 1000 nm to 1200 nm which clearly indicates the existence of parasitic absorption in
the 1-R-T measurement. The EQE of the solar cell is affected by the absorption in the
active layer as well as the probability of charge carrier collection within the device,
which can potentially results in EQE≤ABB [114, 118, 117]. Considering the fact that
the BC cell we use in this study is a high efficiency device and the carrier collection
efficiency is close to 100%, the absorptance ABB extracted from PL is very close to
the EQE of the cell. Therefore, the method of extracting ABB using the PL signal
can provide much more accurate current prediction at long wavelengths compared
the conventional 1− R− T method which can easily overestimate the absorption in
the region where light trapping plays a significant role. The 1 − R − T measured
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absorptance is higher than the EQE in the range of 300 nm to 600 nm mostly due to
the absorption of the light in the Al2O3/SiNx anti-reflection coating layer.
Figure 5.1: (External quantum efficiency (EQE, blue line) and spectrophotometer measured
(R&T) absorptance (triangles), PL extracted absorptance (circles) of a back contact silicon
solar cell.
5.3.3 Light trapping efficiency
In order to quantify the absorption in the Si wafers as well as estimating the pho-
tocurrent generation, we can use Equation 5.2 to calculate the maximum possible
current density Jsc of each structure by integrating the absorption spectrum over the
AM1.5G solar spectral photon flux density (Φ(λ)) from λ1=300 nm to λ2=1200 nm.
The absorptance from 300 nm to 1000 nm is derived from 1 − R − T, and the PL
extracted absorptance from 1000 nm to 1200 nm is used to exclude parasitic effects.
Jsc =
∫ λ2
λ1
qABB(λ)Φ(λ)dλ (5.2)
In Equation (5.2), q is the elementary charge, λ is wavelength, and ABB stands for
the band-to-band absorptance.
The light trapping efficiency (LTE) chart compiled by Schuster et al. [82] is a
credible benchmark to assess the performance of light trapping structures regardless
of the substrate property and thickness. Similar to our previous demonstration of
fraction of Lambertian enhancement (FLE) in Chapter 3 and 4 as well as in [79,
152], LTE can be used to isolate the light trapping property of textures from their
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anti-reflection properties and highlight the texture-induced current enhancement in
the weakly absorbing band gap region. To quantify the light trapping, we use the
definition of light trapping efficiency introduced by Schuster et al. [82]:
LTE =
Jmax − Jre f
JLam − JMB (5.3)
Here Jmax is the maximum current density determined experimentally by 1 −
R− T and PL absorptance measurements; Jre f is the modelled value of the current
from the silicon sample with the same front reflectance as Jmax and a 100% rear
reflector; and JLam and JMB are modelled currents of an ideal Lambertian reflector
[36] and a 100% specular reflector respectively, both with zero front reflection loss.
To isolate the light trapping properties from the anti-reflection effect of the textured
samples, the numerator Jmax − Jre f represents the light trapping induced current gain
and the denominator JLam − JMB indicates the maximum improvement in current
with an ideal Lambertian structure. Therefore, LTE determines the extent to which
the measured sample approaches an ideal Lambertian light trapping structure. To
calculate light trapping efficiency, one has to be aware of that the LTE is only valid
when Jmax and Jre f have the same front reflection losses.
5.3.4 Design of structures
A schematic diagram of a double side textured silicon wafer and SEM images of
various types of texture structures are shown in Figure 5.2. Float zone, <100>, 260
µm, 3 Ω·cm, N-type silicon wafers are used for all experiments. The details of the
fabrication procedure of each structure are as follows:
1. RAN: random pyramids texture is achieved by etching the as-cut silicon wafer
in texturing solution containing 4% tetramethylammonium hydroxide (TMAH),
isopropyl alcohol and dissolved silicon for 1 hour at a constant temperature of
85 ◦C [153].
2. MET: for metal-assisted etched texture, the wafer is first immersed in 0.01 M
AgNO3:10% HF:H2O for 30 s to deposit Ag nanoparticles on the surface, fol-
lowed by a 3 minute immersion in HF:H2O2:H2O solution. Finally the sample
is etched in a solution containing HF:HNO3:CH3COOH for 30 s. For more
details, refer to [149].
3. RIE: reactive ion etched texture is performed in a Versalline LL ICP system in
SF6 and O2 plasma for 30 minute. The SF6 and O2 gas flows are both 20 sccm
and the chamber pressure is 15 mTorr. The wafer temperature is held at 15 ◦C
by a backside helium flow during etching. The ICP and RF power sources are
set to 500 W and 16 W respectively [150].
4. RIE/RAN: we apply reactive ion etch on one side of double side RAN wafer to
fabricate RIE/RAN structure.
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Figure 5.2: Schematic diagram of double side textured silicon wafer and SEM images of
various types of texture structures: (1) metal-assisted etched texture (side view); (2) reactive
ion etched texture (angle view); (3) random pyramid texture (side view) and (4) plasmonic
Ag nanoparticles on silicon wafers (top view).
5. RIE-Ag/DR: to make the RIE-Ag/DR structure, we use a single side RIE tex-
tured wafer. After the passivation process (described blew), we deposit 25 nm
of Ag on the planar side then anneal at 250 ◦C for 50 minute to form self-
assembled Ag nanoparticles with an average diameter of 150 nm. BaSO4 based
white paint is uniformly sprayed on the Ag nanoparticles to form a diffuse
reflector [79].
As we have discussed in Section 3.4.1 in Chapter 3, in order to use the PL spec-
trum to extract the absorptivity, one needs to assume a homogeneous electron and
hole distribution in the silicon wafer [108, 101, 80]. Therefore samples with high mi-
nority carrier lifetimes, i.e., with minority carrier diffusion length much longer than
the wafer thickness, are used in this experiment. To fulfill the need for high minor-
ity carrier lifetimes, all the textured silicon wafers are passivated with 20 nm atomic
layer deposited (ALD) Al2O3 followed by a forming gas anneal (FGA) at 400 ◦C for
30 minute. This gives an average lifetime of 1 ms at an injection level of 1×1015 cm−3.
For the RAN and MET samples, we deposit 60 nm of plasma enhanced chemical va-
por deposited (PECVD) SiNx on top of the Al2O3 film forming an Al2O3/SiNx stack
AR coating on the front side of each sample.
§5.4 Results and discussion 55
5.4 Results and discussion
With the validation performed in the Section 4.2.1, the technique of extracting ABB
from the PL spectrum is applied to the wafers with different types of light trapping
structures as well as a wafer with a planar surface.
Figure 5.3: (Right Y-axis) Photoluminescence spectra of a planar silicon wafer and the
RIE/RAN sample as a function of wavelength. (Left Y-axis) The absorptivity of the two
samples extracted from the PL spectra.
Figure 5.3 shows the PL spectra (red) and extracted absorptance spectra (blue) of
a silicon wafer with planar surfaces on both sides (solid) and a silicon wafer with the
RIE/RAN texture (open). As shown in the graph (right Y axis), the surface properties
have a strong impact on the PL intensity and spectrum shape. The PL intensity of the
textured wafer is substantially higher than the planar wafer as the texture increases
the light absorption in the bulk. Compared to planar surfaces, textured surfaces can
couple the light more effectively into the silicon and increase the absorption capacity
of the solar cell. As a result, the amount of emitted photons will increase significantly.
A red shift of 30 nm of the peak intensity is also seen in the PL spectra of RIE/RAN
as well as in the literature [14] compared to the planar sample. This is due to the
randomization of the path of the photons in the textured sample which leads to a
higher escape probability for long wavelength light.
Using the method mentioned in the previous section, the band-to-band absorp-
tance spectra of a planar wafer and a wafer with RIE/RAN structure are extracted
and presented in the left Y-axis of Figure 5.3. Both spectra have been normalized to
the spectrophotometer measured 1− R at 1000 nm for each sample. The absorption
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enhancement of RIE/RAN sample compared to the planar sample is due to the com-
bined optical effects of RIE and RAN textures. RAN increase the absorption in silicon
by providing a certain amount of anti-reflection and excellent light trapping proper-
ties, while the RIE further reduces the front reflection loss to almost 0%. Therefore,
by combining these two structures on a silicon wafer, we can increase the absorption
in the silicon wafer significantly. More quantitative analysis of this structure will be
performed later in the chapter.
Figure 5.4: Absorptance of wafers with various light trapping structures measured with a
spectrophotometer from 300 nm to 900 nm.
The absorptance spectra extracted from R&T measurements from 300 nm to 900
nm are shown in Figure 5.4. While all three textures notably reduce the front reflec-
tion losses, RIE texture provides a broadband excellent anti-reflection effect across
both the ultraviolet and visible wavelengths. RAN and MET have wavelength de-
pendent reflection loss while MET performs better in the spectrum below 400 nm
due to the existence of a larger fraction of nano-scale textures which are more effec-
tive at coupling short wavelength light into the silicon.
The extracted ABB of the samples in the long wavelength range are shown in Fig-
ure 5.5. Black solid squares represent ABB of a 260 µm wafer with planar surfaces,
which serves as a baseline in this study with maximum Jsc of 3.4 mA/cm2 from
990 nm to 1200 nm. The double side RIE sample shows excellent broadband anti-
reflection properties but the least light trapping contribution of the test structures
(Jsc=4.9 mA/cm2). This is likely due to the high aspect ratio of the nano-structures of
RIE textures which is more effective at scattering the short wavelength light than the
long wavelength light [154]. Double side MET performs better than RAN in terms
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Figure 5.5: Band-to-band absorptance extracted from photoluminescence spectra of wafers
with different light trapping structures in the wavelength range of 1000 nm to 1200 nm. Jsc
values inside the figure represent the maximum possible current density of each structure in
the wavelength range of 1000 nm to 1200 nm.
of overall anti-reflection in the range of 300 nm to 900 nm but has same light trap-
ping properties (5.4 mA/cm2 for both). Therefore, by combining RIE and RAN one
can benefit from both excellent anti-reflection of RIE and light trapping properties of
RAN textures. As shown in Figure 5.5 with green solid squares, RIE/RAN performs
the best (5.8 mA/cm2) among all the structures clearly demonstrating low reflection
loss of RIE and highly randomizing property of RAN. In a recently reported work
by Ingenito et.al., a similar structure with the combination of RIE/RAN textures and
a distributed Bragg reflector provides the implied photo-generated current density
up to 99.8% of the 4n2 limit [35] on a thin silicon solar cell [154, 155]. As an innova-
tive structure alternative to RAN, Ag/DR provides excellent light trapping without
increasing the surface recombination at the rear side [79]. The combined structure of
RIE and Ag/DR can also provide excellent light trapping performance (5.7 mA/cm2)
comparable to RIE/RAN’s (5.8 mA/cm2).
Using the maximum possible photocurrent for each sample obtained by integrat-
ing the combined absorptance spectra over the solar spectrum from 300 nm to 1200
nm, and modeled values of Jre f , JLam and JMB, we calculate the LTE of RIE only,
RIE/RAN and RIE-Ag/DR and compare them with the LTE of other reported light
trapping structures shown in Figure 5.5. In order to ensure consistency of LTE values
and a fair comparison among different solar cells, we only choose the cells with Jre f
values reported in [82]. For the rest of the cells in [82] where Jre f is not known and
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JMB is used as a reference value, the value of Jmax − JMB includes the optical impacts
from both anti-reflection and light trapping properties. We think it will be an incon-
sistent comparison of LTE values with other structures of which the LTE represents
the light trapping properties only. Therefore, the LTE of those cells are not presented
here.
Figure 5.6: Light trapping efficiency of RIE only (orange downward triangle), RIE/RAN (red
star) and RIE-Ag/DR (green upward triangle) on silicon wafers using the LTE figure of merit
introduced by Schuster [82]. The blue colored circle, diamond and cross are LTE of solar cells
calculated from the data from [82].
The light trapping efficiency of different solar cells with various thicknesses is
shown on Figure 5.6. The scattered circles indicate the LTE of monocrystalline solar
cells that are calculated from experimentally measured values of Jmax and Jre f . The
scattered diamonds are the LTE of monocrystalline solar cells with numerically cal-
culated Jmax and Jre f . The scattered crosses represent an experimentally derived light
trapping efficiency of microcrystalline silicon thin film solar cells. The red star and
green upward triangle are the LTE of RIE/RAN and RIE-Ag/DR calculated from
the PL extracted absolute absorption. Monocrystalline silicon wafers with RIE/RAN
and RIE-Ag/DR can provide a LTE of 55% and 52% respectively which are both well
above the reported values in Figure 5.6 with similar wafer thicknesses. The dou-
ble side RIE texture provides only 18% LTE (shown as orange downward triangle),
which is significantly lower than the LTE of the other two structures from this work
presented in the graph. Thus, the RIE texture by itself has very weak scattering
properties at longer wavelengths, but the light trapping efficiency can be improved
dramatically to 55% by integrating it with light trapping structures that effectively
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scatter the light with long wavelengths. For crystalline silicon solar cells, the numer-
ically calculated results generally show higher LTE compared to the experimental
results, which indicates that certain losses exists in the experimental value of Jsc.
However, as validated in Figure 5.1, the method we demonstrate here can provide
close estimation to the actual current in silicon cells, even though we are extracting
the short circuit current density from wafers rather than complete solar cells. There-
fore, it is useful to compare the light trapping performance of our structures with
other experimentally derived LTEs of solar cells on the graph.
The light trapping efficiency proposed by Schuster et al. [82], and used in this
work tries to compare the LTE independently of the substrate thickness by defining
the LTE as the ratio of the absorption enhancement due to the light trapping structure
as compared to the enhancement due to an ideal Lambertian structure. However, thin
film cells clearly outperform thicker wafer cells by this measure of LTE. Whether this
is due to thicker cells already being close to their limiting current, and thus having
less space for improvement, or whether the LTE definition is not a fair comparison
for cells of vastly different thickness is still not clear. Nevertheless, our results show
excellent light trapping efficiency compared to cells of similar thickness.
5.5 Conclusion
We use the band-to-band absorption extracted from photoluminescence spectra to
calculate the maximum possible current for standard silicon wafers with light man-
agement structures. This technique allows the rapid comparison of a wide variety of
light-trapping structures without distortions in the measured absorption due to par-
asitic effects that occur when extracting absorption from reflection and transmission
measurements. The light trapping properties of several structures including reactive
ion etched textures, metal-assisted textures and random pyramid textures are exper-
imentally evaluated with this technique. By fabricating a silicon wafer structure with
RIE and RAN textures on the front and rear side respectively, we demonstrate a light
trapping structure with near ideal absorption in the ultraviolet and visible spectrum
and a LTE of 55% in the near infrared region of the solar spectrum. In the follow-
ing chapter, an analytical optical model is developed to explore the optical losses in
the light trapping structures that we have demonstrated in this chapter. A possible
direction for future development will also be provided.
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Chapter 6
Limiting factors for reaching
Lambertian light trapping in silicon
solar cells
6.1 Introduction
In this chapter, we use an analytical model with independent angular distribution pa-
rameters on both surfaces to study the origin of optical losses of silicon wafers with
three types of light management structures that we have demonstrated in Chapter 5.
We provide a quantitative analysis of the impact of front reflection, rear absorption
and the angular distribution on the implied current generation of silicon solar cells.
Based on the results, the key to reaching maximum photocurrent for high efficiency
silicon solar cells is to further increase the angular distribution of the light trapping
while maintaining low loss at the rear. Therefore, highly reflective and low loss dif-
fuse reflectors in combination with scattering structures such as plasmonic particles
or pyramids are promising candidates for providing excellent light management at
the rear of high efficiency solar cells.
The optical path-length of a c-Si solar cell largely depends on the angular distribu-
tion of the front/rear surfaces and the reflectivity of rear surface [30]. In commonly
used cell designs, the angular distribution is maximized by either a regular array of
inverted pyramids or a random array of pyramidal features, both of which can pro-
vide near Lambertian scattering [34, 156]. Thermally evaporated or screen printed Al
or Al/Ag alloy is used as the rear side reflector in most production of solar cells. The
reflectivity at Si/Al interface is 80% on average (shown in Figure 6.1) which means
up to 20% of the light intensity is lost per internal reflection at the back reflector [23].
The reflectance of the metal reflector can be increased a lot by inserting a dielec-
tric spacer layer with the right refractive index and thickness between the silicon and
the metal [157]. Early work on the optical loss at the back side of the silicon solar
cell was performed by Campbell et al.[158]. The authors calculate the reflection of
a planar Si/SiO2/Al rear structure with different angles of incidence and dielectric
layer thicknesses. The results show that high reflectance can be realized by tuning
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Figure 6.1: Calculated reflectivity of Air/Al interface and Si/Al interface.
the layer thickness for constructive interference. Recently, a more comprehensive
study has been presented by Holman et al. to investigate the influence of refractive
index, angular distribution and thickness of dielectric layer and metal reflector on
the parasitic absorption of textured silicon solar cells [159]. The authors study the
sub-bandgap reflectance of different dielectric film and various metal reflectors to
determine the principles of minimizing parasitic absorption at the rear of solar cells.
The results indicate that the lower the refractive index of the spacer, the higher the
reflectance of the metal reflector (shown in Figure 6.2). A spacer film with n=1 is the
theoretical limit that provides the maximum reflectivity. The thickness of the spacer
layer has a saturation point above which the reflectivity of the back reflector remains
approximately the same. The authors identify that the saturation point lies between
100 nm and 150 nm for a range of dielectric films, therefore a spacer layer with thick-
ness >100 nm and low refractive index is required to mitigate the absorption loss at
the metal reflector. For example, a back reflector structure of Si/MgF2/Al with 200
nm thick MgF2 (n=1.37) has an effective reflectance of 96% across the near infrared
spectrum (via Opal PV Lighthouse [23]). In contrast, with diffuse reflectors there is
not a requirement for a low refractive index spacer layer at the rear of the solar cell,
which can be an advantage for solar cell structures that apply high refractive index
passivation such as heterojunction silicon solar cells, which use a-Si:H for passivation
[16, 160].
In this chapter, we aim to quantitatively understand the scope for further increas-
ing the optical response of silicon solar cells with front anti-reflection structures and
scattering rear reflectors. We particularly focus on the impact of the angular distri-
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subsequent Rsub calculations were performed with both the
Lambertian and ray-tracing approaches. We report the results of
the Lambertian model; the ray-tracing method gives values that
are shifted lower by 6%71% absolute. One challenge of using a ray
tracer is that the accuracy of the result is limited by the degree to
which the assumed textures accurately reﬂect those of the
measured structure. Here, we imported an AFM map of a textured
wafer into our ray tracer to avoid misrepresenting hillocks as
perfect pyramids [22]; nevertheless, we observed that information
in the valleys between pyramids was sometimes lost because the
AFM tip was insufﬁciently long to reach into crevices several
microns below the sample surface.
Fig. 5 shows the simulated Rsub of the structure in Fig. 1a with
a silver reﬂector and a dielectric layer of varying refractive index
and thickness. Also displayed are measured Rsub values for
samples with SiNx or MgF2 as the dielectric. For all dielectric
refractive indices, Rsub increases dramatically as the dielectric
thickness begins to exceed the decay length of the evanescent
wave of grazing photons, and then weakly oscillates because of
interference. As anticipated from Fig. 3, the maximum Rsub
obtainable increases with decreasing dielectric refractive index.
For a layer of air (nd¼1) 300 nm thick, only 4% of incident light is
absorbed in the silver (rr¼99.8%). Of course, one cannot easily
fabricate a conformal metal reﬂector detached from a textured
wafer with a thin air gap, but this example provides an upper
limit on reﬂector performance. Note that the beneﬁt of a low-
refractive-index layer is also realized if it is used in a dielectric
stack. For example, the rear dielectric of rear-passivated cells can
be designed for passivation purposes only, and a 100-nm-thick
low-refractive-index layer can be inserted between the passiva-
tion layer and the metal.
Although silver is an excellent reﬂector, it is rarely found at the
rear of industrial solar cells because of its prohibitive cost. Copper
is an attractive replacement because it is nearly as lossless as silver
at IR wavelengths and is two orders of magnitude cheaper. Fig. 6
shows that, for any rear SiNx thickness, solar cells with copper
have Rsub values only 5% absolute lower than cells with silver. For
an optimized SiNx thickness of 150 nm, the Jsc loss expected from
Fig. 2 when switching from silver to copper is less than 0.3% or
0.1 mA/cm2, even for a 50-mm-thick wafer.
Aluminum is the most common rear metallization, does not
suffer from the corrosion or diffusion into silicon that plagues
copper, and should yield Rsub values that are only a few percent
lower than cells with copper according to the simulation results in
Fig. 7 (dashed red line). However, unlike in Figs. 5 and 6,
calculations for structures with aluminum differ dramatically from
measurements; a maximum Rsub of only 60% is possible with SiNx
as the rear dielectric. Given the robust accuracy of our simulations
for all other structures, we suspect that the simulated structure—
which has abrupt interfaces—does not accurately represent the
complexity of the measured structure. Others have found similar
discrepancies: Morris et al. reported lower-than-expected reﬂec-
tance of aluminum on amorphous silicon, which they attributed to
formation of an interfacial layer [23]. Fenske et al. imaged an 8-
nm-thick interfacial layer between aluminum and crystalline
silicon, and subsequently calculated that if the layer had optical
properties intermediate to those of its neighbors, the internal
reﬂectance of 1200 nm s-polarized light would drop by more than
10% absolute [24].
In light of this work, we measured and simulated structures
with aluminum reﬂectors and different dielectrics, including
MgF2 and ZnO (not shown; data nearly overlap the SiNx data).
We hypothesized that aluminum may diffuse in SiNx at room
temperature but not in dielectrics with very different chemis-
tries, and were thus surprised to ﬁnd low Rsub for all of the
structures. This suggests an incorrect aluminum complex refrac-
tive index in our simulations, yet the bulk index successfully ﬁts
ellipsometry spectra for both sputtered and evaporated alumi-
num ﬁlms. Despite this persistent puzzle, we note that the
measurements in Fig. 7 in conjunction with Fig. 2 indicate that
the poor performance of real aluminum reﬂectors is mostly
mitigated when the proper dielectric thickness is used: a 100-
mm-thick cell with a 150-nm-thick rear SiNx layer will have over
1 mA/cm2 more current than an equivalent cell with no SiNx
layer, and only 0.5 mA/cm2 less than an equivalent cell with an
ideal reﬂector (rr¼100%).
4. Conclusions
Parasitic absorption in the metallic reﬂector of rear-passivated
silicon solar cells is sensitive to the front and rear textures, rear
dielectric refractive index and thickness, and metal refractive
index. A comprehensive study in which the effect of each of these
parameters was varied revealed a general approach to maximizing
the IR response of a silicon solar cell: If a low-refractive-index
dielectric at least 100 nm thick separates the wafer from the metal
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Figure 6.2: Simulated (lines) and measured (symbols) sub-bandgap reflecta Si x/
Si/dielectric/Ag structures with varying dielectric refractive index (adapted from [159]).
bution and the rear loss on the useful absorption in silicon wafers. An analytical
model is used to quantify the reflection distribution at the front/rear sides and the
rear loss of three types of high performance light management structures that we
have previously reported in Chapter 5 [81].
6.2 Analyzing light management components
In the previous chapter as well as in [81], we demonstrated the design concept and
evaluated the light trapping efficiency [82] of three light trapping structures on sili-
con wafers with photoluminescence spectroscopy. Those structures were compared
with the reported values in literature and excellent light absorp io was demon-
strated across the solar spectrum. In this work, we develop a new model to further
investigate the optical loss in those three structures and determine how the optical
properties of these structures may be improved.
The three types of light management structures are fabricated on c-Si wafers with
260 µm thickness. A schematic illustration of the structures is presented in Figure
6.3. Various types of textures and light trapping structures are applied on both sides
of the samples. Sample A is a wafer with re ctive ion (RIE) etched texture (known as
black silicon [150]) applied to both sides. B and C ar two samples with RIE texture
on the front sides only. B’s rear side has scattering plasmonic silver particles and
a BaSO4 based diffuse reflector (AgDR) while C’s back side has random pyramid
(RAN) textures. It is important to note that both sample A and C are optically char-
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acterized with a detached diffuse reflector with >95% reflectance in the wavelength
region of interest (300 nm to 1200 nm). All three samples are passivated with 20 nm
of atomic layer deposited Al2O3 on both sides. A spectrophotometer with integrating
sphere detector is used to measured the reflectance and transmittance spectra of the
samples. The photoluminescence spectra of these samples are obtained to extract the
band-to-band absorptance [81]. The band-to-band absorptance extracted from PL is
the bulk absorption which can generate electron-hole pairs in the silicon. With this
method, the parasitic absorption in the sample is automatically excluded [79]. The
details of the fabrication and the characterization of these three structures can be
found in Chapter 5.
Figure 6.3: (not to scale) Schematic illustration of silicon wafers with RIE textures on both
sides and detached diffuse reflector DR (A), RIE front/AgDR back (B) and RIE front/RAN
back with DR (C).
The experimentally obtained absorption spectra of the three types of samples are
plotted in Figure 6.4. APL of these three structures refers to the band-to-band absorp-
tance extracted from photoluminescence spectra in the wavelength range 1000 nm to
1200 nm, while ASP is the total absorptance measured with the spectrophotometer in
the wavelength range 300 nm to 1200 nm [81].
All three samples show excellent anti-reflection properties, but different light
trapping behavior. The high aspect ratio of the nano-structures of RIE textures
provides a graded index effect, which leads to only about 0.1% front reflectivity
[81, 161, 162]. However, due to the small size of the RIE features, they do not provide
very effective light trapping. In contrast, with feature sizes up to 10µm, randomly
arrayed pyramids provide very effective light scattering in the weakly absorbed re-
gion [156, 34]. Therefore, by combining RIE and RAN one can benefit from both
excellent anti-reflection of RIE and light trapping properties of RAN textures. In
Figure 6.4 (C), RIE/RAN structure demonstrates the low reflection loss of RIE and
the highly randomizing property of RAN. As an innovative structure alternative to
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RAN, AgDR provides excellent light scattering and high rear reflection without in-
creasing the surface recombination at the rear side (shown in Figure 6.4 (B)) [79]. The
combined structure of RIE and AgDR can also provide excellent light management
performance which is comparable to RIE/RAN [81].
Figure 6.4: Experimental (APL, ASP) and simulated (Abulk, Atot and Arear) absorptance of
sample A, B and C as a function of wavelength. Simulated front internal reflectivity R f , ef-
fective refractive index of front surface NF, rear internal reflectivity Rb and effective refractive
index of rear surface NB of each structure are extracted from the model.
To investigate the limiting factors for the optical performance of the three struc-
tures, we use an analytical model based on Green’s work [36] to quantify the impact
of front reflectance, angular distribution and parasitic loss on the implied photo-
current of the wafers. We use the analytical model to extract the internal front and
rear reflectivity and the angular distribution of the each experimental structure, and
then use this information to compare the loss in useful absorption due to incomplete
light trapping, parasitic loss and external front reflectance. Green‘s original model
is only applicable to structures with single side scattering or double sided scattering
with the same angular distribution. However, in this study, the front and rear struc-
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ture of the samples are different in terms of their scattering properties. To be able to
extract the reflectivity and the light trapping properties of these samples, we develop
a modified model based on [36] and [45] to fit the experimental data.
From Green’s paper, the expressions for the absorptance are:
Atot =
(1− Rext)(1− RbT+T−)
1− R f RbT+T− (6.1)
Arear =
(1− Rext)(1− Rb)T+
1− R f RbT+T− (6.2)
Abulk = Atot − Arear (6.3)
where Atot is the total absorption in the substrate (equivalent to the experimentally
obtained ASP), Arear is the light absorbed in back reflector and Abulk is the absorption
in Si which leads to electron-hole generation (equivalent to APL). Rext is the external
front reflectance, Rb is the internal rear reflectance which determines the amount of
parasitic absorption at the back side per internal reflection, and R f is the internal
front reflectance. T+(T−) is the fraction of downward (upward) light transmitted to
the rear (front) surface.
We extend the analysis given in Green‘s paper [36] for the case with front and
back scattering layers to include different angular distributions of the front/rear scat-
tering layers. This is done by modifying the average T+ and T− from the ideal Lam-
bertian case by varying the effective refractive index of the scattering medium (NF
and NB) based on the "focused Lambertian" model in [45]. This method takes into
account the refraction of the scattered light originating in a medium with effective
refractive index Ne f f , as it enters the Si layer with NSi. This can also be understood
as taking into account the different path lengths of light in the device due to the
different scattering angles, which can separate out the effect of the front and back
surfaces. As the structures are both sides textured, the light is randomized at both
surfaces. The single-pass transmission T is given by [36, 163]:
T+ =
∫
exp [−αW/ cos(θ)]ΦF,θ sin θ d θ/∫
ΦF,θ sin(θ)d θ
(6.4)
T− =
∫
exp [−αW/ cos(θ)]ΦB,θ sin θ d θ/∫
ΦB,θ sin(θ)d θ
(6.5)
where ΦF,θ and ΦB,θ are the angular distribution of the scattered light at the front
and rear surfaces. They are derived from Equation (2) and defined as:
ΦF,θ = cos
[
arcsin
(
NSi
NF
)
sin θ
]
(6.6)
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ΦB,θ = cos
[
arcsin
(
NSi
NB
)
sin θ
]
(6.7)
where NF and NB are the effective refractive indices of the front and the rear surface
respectively.
Atot and Abulk in the simulation are strongly dependent on the effective refractive
indices of the two surfaces as well as R f and Rb. All these parameters are tuned
to fit the experimentally obtained ASP and APL. The comparison of the simulated
and experimental results are shown in Figure 6.4. The fitting of sample A and B are
very good. The model can fit both Abulk and Atot to both APL and ASP very well. The
effective refractive indices and the reflectivity of each surface are extracted accurately.
The fitting of sample C is not as good, and the model struggles to fit APL and ASP
at the same time. This is likely to be due to the fact that the angular distribution of
the random pyramid textures is assumed to be isotropic when obtaining APL from
the photoluminescence spectra, whereas in reality there is some angular dependence
due to the fixed angles of the crystal planes of the pyramids. Therefore, we choose
a result which gives the closest fitting to both APL and ASP. Nevertheless, the fitting
for the three samples is sufficiently good to allow us to obtain useful information
about the scattering parameters.
Based on the fitting in Figure 6.4, sample A has the lowest internal reflectivity R f
of 70% among the samples. In contrast, both B and C have R f of 85%. Although all
of the samples have the same RIE texture on the front, there is a difference between
the internal front reflectivity of sample A and B/C. This is because we are assuming
that R f is independent of the incident angle, whereas it actually is not. So a different
angular distribution at the rear can lead to a different R f , even if the front surfaces
are the same. NF and NB are used to fit the angular distribution of the front and rear
surfaces. Sample A has the lowest scattering angle at both front and rear surfaces
with NF = NB = 2.5. The front surface angular distribution NF remains the same for
sample B and C. The angular distribution of the rear surface is substantially increased
by replacing RIE texture with AgDR or random pyramid textures at the back. NB for
sample B and C are 3.5 and 3.6 respectively which indicate that both AgDR and RAN
can scatter the light at wider angles so that the light trapping properties of these
samples are significantly increased. As the fitting of the sample C is less perfect
than B’s, we cannot conclude whether C or B has better light trapping properties.
However, sample C does outperform B in terms of lower parasitic absorption at
the rear side, as sample B is more likely to suffer from plasmon induced parasitic
absorption at the metal nanoparticles [39].
In order to compare the experimental structures with theoretical limits, the theo-
retical absorptance of a 260 µm silicon wafer with different R f and Rb is calculated
based on Equation 6.1, 6.2 and 6.3. The maximum possible short circuit current den-
sity Jsc is then calculated by integrating the absorptance spectra in the wavelength
range of 300 nm to 1200 nm over the AM1.5 solar spectral irradiance. The modeled
Jsc is plotted against the loss at the rear, 1− Rb, and the fraction of Lambertian scat-
tering in Figure 6.5. Perfect anti-reflection (Rext = 0) is used in the calculation. The
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Table 6.1: FOL, Rb, Jsc of sample A, B, C and the losses (mA/cm2) due to Rext, FOL and Rb.
Sample FOL Rb Jsc (mA/cm2) Rext loss FOL loss Rb loss
A 75% 90% 41.3 0.42 0.63 0.34
B 90% 94% 42.4 0.42 0.36 0.30
C 90% 97% 42.6 0.42 0.43 0.16
fraction of Lambertian (FOL) is defined as R f = (1− 1/n2)× FOL, where (1− 1/n2)
is the internal reflectance for an ideal Lambertian surface. For example, the sample
A corresponds to an internal front reflectivity of R f = 70% which is 75% of the Lam-
bertian value, i.e., 70%= (1− 1/n2)×75%. In Figure 6.5, the Y-axis shows the effect
on the Jsc of the rear parasitic absorption on a log scale. The X-axis represents the
impact of the light trapping on the maximum possible Jsc. The top left corner where
both Rb and FOL are equal to zero is equivalent to a single pass of the light through
the wafer. At the corner diagonally opposite where FOL is 100% and Rb is zero,
the Jsc represents the maximum possible short circuit current density when all the
incident light is isotropically scattered into the active layer without loss. In between,
the coloured regions separated by dotted lines represent the current densities can be
obtained with different combinations of Rb and FOL.
Figure 6.5: The short circuit current density of 260 µm silicon wafer as a function of the rear
reflection loss and the fraction of Lambertian value. Three experimental structures (sample
A, B and C) with different light trapping are plotted on the figure with corresponding Rb
and FOL.
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6.3 Quantifying the losses from the optical components
Using the fitted values obtained from the model for the three experimental struc-
tures in Figure 6.4, we have indicated the values of Rb and FOL for the three samples
on Figure 6.5. The expected Jsc of the samples are obtained by integrating the ab-
sorptance spectra over the AM 1.5G solar spectrum in the wavelength range of 300
nm to 1200 nm. In order to eliminate the parasitic absorption of the samples, the
absorptance spectra used for calculating the Jsc is composed of ASP from 300 nm to
1000 nm and APL from 1000 nm to 1200 nm. The corresponding parameters of all
samples and the losses due to each component are summarized in Table 6.1. The loss
of Rext is due to the existing front reflection loss of the samples. It is calculated by
integrating the reflected light over the AM 1.5G solar spectrum. Because we use same
front texture for all the samples, the loss due to Rext is the same value for all three
samples. FOL loss is the current loss due to the non-perfect scattering surface. It is
the missing current of the sample compared to a modeled structure with 100% FOL
but the same Rext and Rb. Similarly, The loss due to Rb is obtained by subtracting
the sample‘s implied photo-current from the modeled current with Rb = 1 but same
FOL and Rext values.
We can make use of Figure 6.5 and Table 6.1 to predict how to further improve
the light trapping design. Structure A is shown as an upward triangle on Figure 6.5.
It has 10% loss at the rear side and 75% of Lambertian scattering. The calculated
Jsc is 41.3 mA/cm2. Based on the losses in Table 6.1, lower scattering from the RIE
texture is the main contribution to the loss (0.63 mA/cm2) which can be improved
by replacing one surface with a stronger scatterer. As we can see in Figure 6.5,
the overall current generation is improved for sample B by combining with AgDR
(diamond point). The Jsc can potentially be enhanced to 42.4 mA/cm2 with better
scattering performance (90% of Lambertian value) and lower rear loss (6%), which
means the optical loss due to FOL and Rb can be reduced to 0.36 mA/cm2 and 0.30
mA/cm2 respectively. The best performing sample C with RIE/RAN textures shows
the highest expected Jsc of 42.6 mA/cm2 with 1− Rb = 0.03 and FOL of 90%. This
structure has minimized the rear absorption loss to 0.16 mA/cm2 only. The slightly
higher absorption at the rear side of the sample B is likely due to the presence of the
plasmon induced absorption at the Ag nanoparticles [39, 164, 61], which leads to a
slightly lower Jsc. The contour plot and Table 6.1 indicate that for both sample B and
C, the rear absorption losses are already the lowest of the losses and increasing the
amount of scattering at the front or the rear of the solar cell or reducing the front
reflection even further is the way to approach optimum performance. As the light
trapping properties of random pyramids can be strongly influenced by the micro-
structure that exists on the textured surface, the overall optical performance of the
texture can be further improved by either controlling the ratio of small pyramids in
the morphology of the surface or rounding off the top the pyramids [165, 166, 167].
The diffuse reflectors along with the light trapping structures that are used in this
study have clearly demonstrated the importance for reducing the rear loss to achieve
high short circuit current for silicon solar cells.
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6.4 Conclusion
The recent breakthroughs in mono-crystalline silicon solar cells such as the hetero-
junction device and the cell with passivated contact with minimum recombination
loss [141, 16, 168] lead to the question of how to further improve the efficiency of sin-
gle junction Si solar cells. The state-of-the-art c-Si cell design employs aluminum or
Al/Ag alloy as the back reflector. It is known that metal reflectors such as Al have cer-
tain reflection loss. Therefore, reducing the optical losses each time the light reaches
the reflector is important to approach the theoretical limit of the single junction solar
cell. In this chapter, an understanding of the sources of loss in silicon wafers with
different light trapping structures is developed. By comparing the experimental re-
sults with theoretical limits, we quantify the front reflection and the rear absorption
loss. We point out that the light trapping structure with high angular distribution
and low absorption loss are the approaches for maximizing the optical absorption in
high efficiency silicon solar cells.
Chapter 7
Diffuse reflector for tandem
thin-film silicon solar cells
7.1 Introduction
Diffuse reflectors have been applied on c-Si wafers in combination with nanophotonic
structures to enhance the light trapping in Chapter 3 and 5. This chapter demon-
strates the development of a highly reflective dielectric back reflector for application
in thin-film solar cells. The back reflector is fabricated by Snow Globe Coating (SGC),
an innovative, simple and cheap process to deposit a uniform layer of TiO2 particles
which shows remarkably high reflectance over a broad spectrum (average reflectance
of 99% from 500 nm to 1300 nm) [70, 71]. We apply the highly reflective back reflector
to tandem thin-film silicon solar cells and compare its performance with conventional
ZnO:Al/Ag reflector. By using SGC back reflector, an enhancement of 0.5 mA/cm2
in current density of the bottom solar cell and an absolute value of 0.2% enhancement
in overall power conversion efficiency are achieved. We also show that the increase in
power conversion efficiency is due to the reduction of parasitic absorption at the back
contact. i.e., the use of the dielectric reflector avoids plasmonic losses at the reference
ZnO:Al/Ag back reflector. The Snow Globe Coating process is compatible with other
types of solar cells such as crystalline silicon, III-V and organic photovoltaics. Due to
its cost-effectiveness, stability and excellent reflectivity above the wavelength of 400
nm, it has high potential to be applied in industry.
7.1.1 a-Si:H/µc-Si:H tandem solar cells
Thin-film solar cells are promising candidates for cost-effective and high-efficient
photovoltaics. Several of the existing and developing thin-film solar cell technologies,
e.g. made of organic materials or thin silicon layers, use physically and optically thin
absorber layers and thus require light trapping concepts [20, 169, 170, 171, 172, 35] as
well as highly reflective back reflectors [40, 173, 174, 175] to achieve high efficiencies.
For tandem thin-film silicon solar cells which consist of a hydrogenated amor-
phous silicon (a-Si:H) top solar cell and a hydrogenated microcrystalline silicon (µc-
Si:H) bottom solar cell, light management at the rear side is crucial to achieve high
short circuit current density, as the µc-Si:H bottom solar cell absorbs weakly in the
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wavelength range from around 550 nm to 1100 nm [176, 177]. Improved reflectivity
at the back reflector in tandem thin-film silicon solar cells will allow an increase of
the charge carrier generation in the optically thin absorber layers and/or a reduction
of the overall thickness of the tandem structure. In this way, the devices will benefit
from improved power conversion efficiency and/or decreased deposition time and
material, which will reduce the overall production costs per installed kWp. More-
over, reducing the thickness of the tandem thin-film silicon solar cells will result in
better stability of the cells [178].
In this part of the thesis, we compare the optical and electrical performance of
a SGC back reflector and a conventional ZnO:Al/Ag reflector on a-S:H/µc-Si:H tan-
dem thin-film silicon solar cells and demonstrate the outstanding characteristics of
SGC with high reflection, low parasitic absorption and compatibility with a textured
cell structure. By simulating the plasmon-induced optical losses at the surface of
the conventional ZnO:Al/Ag reflector, we elaborate the physical reasons for better
optical performance of SGC. External quantum efficiency (EQE), current-voltage I-V
characteristics and absorptance (A) spectra of the prototype solar cells are experi-
mentally studied.
7.1.2 Snow Globe Coating
As we have comprehensively reviewed in Chapter 2, diffuse reflectors such as white
paint are widely investigated as back-reflectors (BR) and prove to be very effective
for both crystalline-silicon [46, 79, 81] and thin-film solar cells [46, 45, 65, 66, 124,
68]. Compared to the alternative BR materials such as Ag, diffuse reflectors based
on dielectric materials such as TiO2 have great potential due to lower cost, better
reflectivity and lower parasitic absorptivity. A technique called Snow Globe Coating,
first described by Basch et al. in refs [70, 71], is a simple and cheap way to form a
layer of TiO2 diffuse reflector on the rear side of solar cells.
In order to investigate the performance of SGC back reflector, we test it on a
state-of-the-art tandem thin-film silicon solar cells and compare it with conventional
ZnO:Al/Ag back reflectors which have proven their excellent performance in thin-
film silicon solar cells [179, 180, 181].
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7.2 Experiment
7.2.1 Fabrication of tandem thin-film silicon solar cells
Figure 7.1: Three-dimensional schematic illustration of tandem thin-film silicon solar cell
with hydrogenated amorphous silicon top solar cell and hydrogenated microcrystalline sil-
icon bottom solar cell, deposited on Asahi U-Type (SnO2:F) coated glass substrate (not to
scale). A scanning electron microscopy image of SGC is presented on the top right side of
the figure.
A three-dimensional (3D) schematic of the tandem thin-film silicon solar cell with
SGC reflector is shown in Figure 7.1. Tandem thin-film silicon solar cells made of
stacked a-Si:H top solar cell and a µc-Si:H bottom solar cell are prepared on as-grown
textured commercially available SnO2:F superstrates (Asahi U-type from Asahi Glass
Company [182]). The p-doped, intrinsic and n-doped a-Si:H and µc-Si:H layers of
the solar cells are deposited using a single-chamber plasma enhanced chemical va-
por deposition process (PECVD) at a frequency of 13.56 MHz. More details on the
deposition process of the solar cells can be found in reference [183]. On the rear side
of the bottom solar cell, 80 nm ZnO:Al is sputtered, followed by a few nanometers
(<5 nm) of SiO2 as a capping layer. The SiO2 layer maintains the stability of ZnO:Al
in water during the Snow Globe Coating process [184] and provides sufficient ohmic
contact for carrier collection. Then 700 nm of cross-finger Ag contact is thermally
evaporated through a shadow mask with 2 mm pitch (as shown in Figure 7.1) to
minimize the Ag covered area as well as maintain good electrical conductivity. Fi-
nally, a TiO2 back reflector is fabricated by using the Snow Globe Coating technique,
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as described below. In order to achieve the most relevant comparison between two
types of back reflectors, after characterization the SGC reflector is removed and a
layer of 700 nm thermally evaporated Ag is deposited on the same cells to define the
conventional ZnO:Al/Ag back reflector which is used as the reference structure in
this experiment.
7.2.2 Highly reflective back reflectors with the snow globe coating process
The Snow Globe Coating process is graphically described in Figure 7.2. It is based on
commercially available titanium dioxide particles with average diameter of around
1 µm (Treibach-Althofen, Austria TiO2 -100, L32090 Auftrag No. 4497). A suspen-
sion of TiO2 particles with concentration of 0.5 wt% in 1000 ml deionized water is
prepared in ultrasonic bath for 20 minute. The tandem thin-film silicon solar cells
are located at the bottom of a beaker and the suspension is slowly poured into the
beaker. The mixture is left to stand for two hours until the particles settle, then the
water is drawn out leaving TiO2 on the cells for drying at room temperature.
	  
!
Water&
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Figure 7.2: Snow globe (SG) coating method: dispersed TiO2 particles form a binder free
coating (SG coating) after settling by gravity on the solar cell.
7.2.3 Characterization methods
External quantum efficiency (EQE) of the top cell and bottom cell is measured sep-
arately. In order to measure one sub-cell, current density saturation of the other
sub-cell is needed since the cells are connected in series. For top cell measurement
from 300 nm to 800 nm, a bias light with RG695 filter is applied to saturate the bot-
tom cell; an IF450 filtered bias light is used to saturate the top cell and measure the
bottom cell from 450 nm to 1100 nm. The current-voltage (I-V) characterization is
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performed with a Wacom Class A (AM 1.5) solar simulator with a power density of
100mW/cm2 (AM 1.5) at a constant temperature of 25 ◦C.
We have also measured the optical properties of various types of back reflec-
tors including SGC back reflectors, textured ZnO:Al/Ag back reflectors prepared
on a textured substrate and super flat ZnO:Al/Ag on glass substrates using a dual
beam Perkin Elmer LAMBDA 950 (UV-Vis-NIR) spectrophotometer with integrating
sphere. The same optical characterization method is applied on tandem thin-film
silicon solar cells with SGC and conventional ZnO:Al/Ag back reflectors.
7.3 Results and discussion
7.3.1 Tandem thin-film silicon solar cells employing snow globe coating
reflector
Figure 7.3: External quantum efficiency (EQE) (Left Y-axis) and absorptance (A) (Right Y-
axis) of the a-Si:H top solar cell and µc-Si:H bottom solar cell with ZnO:Al/Ag reflector
(black dash line) and SGC reflector (red solid line).
In Figure 7.3, the EQE and absorptance (A) of tandem thin-film solar cells with
SGC back reflectors and ZnO:Al/Ag back reflector are presented. The absorptance
of each structure is obtained by reflectance measurements via A = 1 − R (where
R is measured reflectance and since the transmittance is zero). EQE results of the
top cells (a-Si:H) with SGC back reflector and the standard back reflector are almost
identical at the wavelength range of 300-800 nm. This underlines the comparability
of the performance of the tandem cells with two different rear structures. In contrast,
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for the bottom cell (µc-Si:H) from 450 nm to 1100 nm, EQE is improved noticeably in
the wavelength range from 650 nm to 1100 nm. The short circuit current density Jsc
of the bottom solar cell increases from 10.4 mA/cm2 with conventional ZnO:Al/Ag
back reflector to 10.9 mA/cm2 with SGC back reflector (shown in Figure 7.3). This
enhancement clearly indicates the better optical performance of the solar cell with
the SGC back reflector compared to the cell with ZnO:Al/Ag reflector. As we can
see from Figure 7.3 (right Y-axis), absorption spectra of the cells with the two types
of reflectors are identical for wavelengths shorter than 650 nm. The optical impact of
back reflectors comes in the wavelength range λ> 650 nm, where the photons bounce
once or more times within the structure then escape through the front side of the
solar cell. In this wavelength range, the absorptance of the solar cell with the SGC
back reflector is slightly lower than the solar cell with the ZnO:Al/Ag back reflector.
In combination with the EQE results, this is evidence that there is a larger portion of
the absorbed light which does not contribute to the photocurrent generation in the
solar cells with ZnO:Al/Ag back reflector. In other words, there is significant optical
loss in the conventional back reflector compared to SGC back reflector. With lower
overall absorptance but a higher portion coming from the active layers, the cell with
SGC back reflector outperforms the one with conventional ZnO:A/Ag back reflector
in terms of photo-current generation.
Figure 7.4: The total internal quantum efficiency (IQE) of tandem thin-film silicon solar cells
with ZnO:Al/Ag back reflector (black dash line) and SGC back reflector (red line).
Figure 7.4 shows the total internal quantum efficiency (IQE) defined by the frac-
tion of collected carries per photon absorbed. The red solid line represents the IQE
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Table 7.1: Light I-V characteristics of a-Si:H/µc-Si:H tandem solar cells with ZnO:Al/Ag
back reflector and SGC back reflector.
Back reflector Jsc [mA/cm2] FF% Voc [mV] η%
SGC 10.9 71 1350 10.4
ZnO:Al/Ag 10.4 72 1367 10.2
of the solar cell with SG coating reflector. The black dashed line indicates the tandem
cell with conventional ZnO:Al/Ag reflector. The results clearly indicate that a larger
amount of carriers are generated in the tandem thin-film silicon solar cell with SGC
back reflector compared to the cell with ZnO:Al/Ag back reflector. The enhanced
carrier generation is in the wavelength range 600 nm to 1000 nm. There is a small
drop in the IQE of ZnO:Al/Ag sample at around 550 nm which is more likely to be
an experimental error rather than a degradation in the cell.
The IV-characterization of tandem thin-film silicon solar cells with both types
of back reflectors are presented in Table 7.1. The SGC back reflector sample has
slightly lower fill factor FF (71% to 72%) and open circuit voltage Voc (1350 mV
to 1367 mV) than the one with ZnO:Al/Ag back reflector. This small degradation
in FF of the tandem thin-film silicon solar cells with SGC back reflector is caused
by the different photocurrent mismatch of the component cells and the application
of the cross-finger contact, which has a slightly lower collection efficiency than the
conventional ZnO:Al/Ag back reflector, but less than 10% of the Ag consumption.
The reason for small Voc degradation is unclear and requires further investigation to
clarify. However, the optical advantage of the SGC back reflector compensates the
electrical loss and improves the overall efficiency by an absolute value of 0.2%.
State-of-the-art tandem a-Si:H/µc-Si:H solar cells have achieved initial efficiency
of over 13.5% and stabilized at around 12% at laboratory scale [177, 185, 186, 187, 188]
and module efficiencies of over 10% [177, 186, 187]. The tandem solar cells that are
used in this experiment are fabricated with the standard process reported in [55].
The overall characteristics are less outstanding than the record cells. However, the
main focus of this study is trying to demonstrate experimental proof of the concept of
a better performing diffuse dielectric reflector than the conventional metal reflector
on a promising device configuration. On top of that the optical performance of
the reference back reflector is comparable to the best known back reflector [73, 72].
Since the efficiency gain is mostly due to the short circuit current enhancement, a
higher overall conversion efficiency increase for SG coated cells can be expected on
an electrically optimized device.
In conclusion, the SGC back reflector outperforms the conventional ZnO:Al/Ag
back reflector because of its higher reflectivity and lower parasitic absorptivity over
a broad spectral range. In the following section, we make a detailed explanation
of the reasons for the better optical performance of SGC reflector compared to the
ZnO:Al/Ag reflector.
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7.3.2 Absorptance of SGC back reflectors and conventional ZnO:Al/Ag
back reflectors
Figure 7.5: Absorptance (A=1-R) of three different back reflectors: textured ZnO:Al/Ag (blue
dot line), super flat ZnO:Al/Ag back reflector (black dash line) and Snow Globe Coating back
reflector (red solid line). SEM images of SGC (side view), super flat ZnO:Al/Ag (top view)
and textured ZnO:Al/Ag (tilted view). (Thanks to Dr. Paetzold from Forschungszentrum
Jülich for providing the SEM images).
We present absorptance of SGC and standard textured ZnO:Al/Ag back reflec-
tors, as well as a special type of super flat ZnO:Al/Ag, as a function of wavelength
in Figure 7.5. SGC back reflector shows close to 0% absorptance above 500 nm wave-
length which indicates much lower parasitic absorption compared to the randomly
textured ZnO:Al/Ag back reflector. The reflectance is even comparable to or lower
than the super flat ZnO:Al/Ag back reflector for wavelengths beyond 450 nm. The
super flat Ag structure is prepared by template stripping of an evaporated Ag layer
from a conventional Si wafer with atomic scale flatness [189]. This layer serves as
an optimal reference here and has proven to have excellent reflectivity in the litera-
ture [174, 189, 190]. For the textured ZnO:Al/Ag back reflector, which is comparable
to the ZnO:Al/Ag back reflector applied on tandem thin-film silicon solar cells in
the previous section, significant parasitic absorptance is measured for wavelengths
longer than 400 nm. The enhanced absorption in the ZnO:Al/Ag back reflector intro-
duces optical losses to the solar cells. This leads to lower EQE for wavelengths longer
than around 550 nm where the incident light impinges multiple times at the rear re-
flector due to the light trapping effect of the randomly textured front side. Moreover,
the absorptance shows a specific characteristic including a distinct absorptance peak
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at wavelengths around 425 nm (Figure 7.5, blue dot line). This peak is accompanied
by an absorption tail that extends significantly into the wavelength range (500 nm <
λ < 1100 nm).
7.3.3 Plasmonic losses at the ZnO:Al/Ag back reflector
The enhanced parasitic absorptance could be due to two types of plasmonic losses
which appear at textured Ag surfaces, namely dissipative surface plasmon polariton
(SPP) resonances [89, 191, 192, 193] at the textured ZnO:Al/Ag [173, 194, 195] in-
terface as well as dissipative localized surface plasmon (LSP) resonances [196, 90] at
protrusions of the textured ZnO:Al/Ag interface [197, 198, 199] (as shown in Figure
7.6). These plasmonic losses are clearly related to the textured ZnO:Al/Ag interface
since they are not apparent on the absorptance spectrum of the super flat ZnO:Al/Ag
interface.
Figure 7.6: Schematic diagrams of SPP mode propagating along Ag reflector surface (top
left) and LSP mode at the hemispherical nanostructured Ag (top right). SEM image of the
surface of a textured Ag reflector (bottom left) and SEM of an Ag layer peeled off from a
ZnO substrate (bottom right). (Thanks to Dr. Paetzold from Forschungszentrum Jülich for
providing images).
In order to discuss the plasmon-induced absorption of incident light at the tex-
tured surfaces of a Ag back reflector, the absorptance of thick Ag layers covered by
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ZnO:Al are studied using theoretical methods. We begin by investigating the possi-
ble contribution of SPP resonances to the parasitic absorption of textured ZnO:Al/Ag
reflectors. SPP resonances are electromagnetic eigenmodes which propagate along
the metal/dielectric interface with a wave-vector (k||) parallel to the interface. The
dispersion relation of the SPP eigenmodes at a flat ZnO:Al/Ag interface is calculated
according to the following equation [90]:
k|| =
ω
c
√
em(ω)eD(ω)
em(ω) + eD(ω)
(7.1)
where ω is the angular frequency of the photon, and c is the speed of the light in the
medium. em(ω) and em(ω) denote the dielectric function of the dielectric and metal
respectively. In Figure 7.7 (a), the spectral dependence of k|| (calculated by Equation
7.1) of SPP modes at a flat ZnO:Al/Ag interface is shown. As the incident light at
normal angle exhibits no component of the wave-vector parallel to the Ag surface
(i.e., k|| = 0), no coupling of light to the SSP modes at a flat interface is possible
due to momentum conservation. Therefore, in order to allow a coupling of incident
light and SPP modes at the Ag surface, an additional wave-vector component (∆k||)
must be provided by scattering at the randomly textured Ag surface. As shown in
Figure 7.7 (a), at the resonance wavelength (λSPP), the density of suitable wave-vector
components (∆k||) per wavelength interval is strongly enhanced. Thus, the excitation
of propagating SPP modes is much more probable. Due to the damping of the SPP
modes, the enhanced excitation of SPP modes leads to an enhanced absorptance of
incident light at randomly textured Ag surfaces at λSPP. Thus, the absorptance peak
of the randomly textured ZnO:Al/Ag surface at the wavelength around 425 nm can
be explained by coupling of the light to SPP modes at the randomly textured Ag
surfaces.
Localized surface plasmons are also well known to induce optical losses at small
Ag nanostructures [193, 196]. In Figure 7.7(b), the simulated maximum values of the
absorption efficiency (max. Qabs) at the dominant LSP resonance of hemispherical
Ag nanostructures embedded in ZnO:Al are shown. The three-dimensional electro-
magnetic simulations are conducted with commercially available software JCMwave
which has been used extensively in previous studies to investigate at high precision
localized plasmonic effects in Ag nanostructures [197]. For the investigated hemi-
spherical Ag nanostructures embedded in ZnO:Al, a strong absorptance is found.
The absorption efficiency (Qabs) denotes the absorbed intensity of incident light nor-
malized by the intensity irradiated on the cross-section of the nanostructures. In
other words, if Qabs = 1 the entire light incident on the cross section of nanostruc-
ture is absorbed. Considering the values of Qabs shown in Figure 7.7 (b) which are
well above 1 for small nanostructures with radius <100 nm, a significant fraction of
the light incident on a nanostructured ZnO:Al/Ag interface can be absorbed, even
with a fill fraction of nanostructures well below unity. A similar strong absorption
as a function of the resonance wavelength has been observed for other geometries of
the nanostructures as well as coupled nanostructures. For this reason, considering
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Figure 7.7: (a) Dispersion relation of SPP modes calculated according to Equation 7.1. SPP
modes propagating along a flat Ag surface covered with ZnO:Al half space as a function
of the real part of the wave-vector parallel to the surface (k||). (b) Maximum simulated ab-
sorption efficiency (max. Qabs) of LSP resonances in hemispherical Ag nanostructures as a
function of the resonance wavelength (λres) covered by ZnO:Al. The radius of the hemispher-
ical nanostructure is varied from 10 nm to 150 nm.
the broad distribution of shapes, sizes and arrangements of Ag nanostructures at
the randomly textured Ag surfaces (shown in Figure 7.6), LSP-induced optical losses
are expected to be significant at the Ag surfaces. Note that substantial LSP-induced
losses are found in small nanostructures of radius below 100 nm, which show a
strong non-radiative damping, in contrast to larger Ag nanostructures which have
proven to show a beneficial strong light scattering effect [79, 32, 200, 201, 202, 95].
Both LSP and SPP resonances can be excited by incident light on randomly tex-
tured Ag surfaces such as the Ag back contacts of thin-film silicon solar cells with
the state-of-the-art random texture for light-trapping. The agreement of the calcu-
lated λSPP with the spectral position of the absorptance maxima of the randomly
textured Ag surfaces indicates that these absorptance maxima are likely to be caused
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by SPP-induced optical losses [40, 195]. However, the enhanced absorption at longer
wavelengths at the surface of Ag back contacts with the random texture can be ex-
plained both by LSP-induced as well as SPP-induced optical losses. It is concluded
that for incident light of wavelengths longer than 500 nm, both types of plasmonic
effects induce parasitic absorptance at the textured Ag back contacts covered with
ZnO:Al. Since these plasmonic losses are not apparent in the absorptance of the su-
per flat ZnO:Al/Ag device shown for comparison in Figure 7.5, the plasmonic losses
are related to the textured ZnO:Al/Ag interface. However, textured cell structures
are essential to thin film solar cells for providing light trapping [203]. Therefore, the
highly reflective SGC back reflector examined in this study provides an alternative
to this dilemma. SGC reflector provides excellent reflectivity comparable to a su-
per flat ZnO:Al/Ag back reflector as well as allowing a textured cell structure to be
maintained.
7.4 Conclusion
Localized and propagating plasmonic resonances excited by incident light on ran-
domly textured ZnO:Al/Ag back contacts of thin-film silicon solar cells can intro-
duce significant amount of parasitic absorption and thereby reducing the overall cell
performance. Dielectric diffuse reflectors prepared by SGC show close to 100% re-
flectance over a spectral range of 500-1100 nm which indicates much lower parasitic
optical losses compared to the standard textured ZnO:Al/Ag reflector. By replacing
ZnO:Al/Ag with SGC reflector on tandem thin film silicon solar cells as a rear reflec-
tor, the overall cell efficiency can be improved from 10.2% to 10.4%. Moreover, due
to the relatively simple fabrication process of SGC reflector, it can be easily adapted
to other types of solar cells such as mono/multi-crystalline silicon solar cells, III-V
and organic solar cells. Given the fact of parasitic absorption and higher cost of Ag,
SGC reflector has a very promising future in the PV industry as a replacement for
the Ag back reflector due to excellent optical properties, cheap price and massive
production of TiO2.
Chapter 8
Spectrally-resolved
photoluminescence for
characterizing perovskite solar cells
8.1 Introduction
As an emerging technology in photovoltaics (PV), the rapid development of organic-
inorganic halide perovskite-based solar cells has attracted enormous interest from
the entire PV community. Compared to other existing absorbing materials, per-
ovskite has advantages such as tunable band gap, sharp absorption edge and very
low fundamental energy loss which allows the potential for achieving high open cir-
cuit voltage. Therefore, understanding the fundamental physical properties of the
perovskite material can accelerate the development of this technology.
In this chapter, spectrally resolved photoluminescence is used to measure the
band-to-band absorption coefficient αBB(h¯ω) of organic-inorganic hybrid perovskite
methylammonium lead iodide (CH3NH3PbI3) films from 675 nm to 1400 nm. Unlike
other methods used to extract the absorption coefficient, photoluminescence is only
affected by band-to-band absorption and is capable of detecting absorption events at
very low energy levels. Absorption coefficients as low as 10−14 cm−1 are detected at
room temperature for long wavelengths, which is 14 orders of magnitude lower than
reported values at shorter wavelengths. The temperature dependence of αBB(h¯ω) is
calculated from the photoluminescence spectra of CH3NH3PbI3 in the temperature
range 80-360 K. Based on the temperature dependent αBB(h¯ω), the product of the
radiative recombination coefficient and square of the intrinsic carrier density B(T)×
n2i is also obtained.
8.2 Perovskite solar cell
Perovskite refers to materials with ABX3 crystal structures where ’A’ and ’B’ are two
cations with different sizes, and ’X’ is an anion that bonds to both cations. For PV
applications, the cation ’A’ is the organic part (usually CH3NH+3 ), cation ’B’ is the
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metal atom typically Sn2+ or Pb3+, and X is normally a halide anion (F−, Cl−, Br−
or I−) [204].
Kojima et al. reported the first photovoltaic function of the organic-inorganic
halide perovskite compounds CH3NH3PbBr3 and CH3NH3PbI3. Since then, tremen-
dous progress has been made to improve the power conversion efficiency of per-
ovskite solar cells from 3.8% in 2009 [205] to 19.3% in 2014 [15]. Very recently, re-
searchers from KRICT have achieved a new record with the certification of a non-
stabilized efficiency of 20.1% [206].
Perovskite solar cells are promising for mass production because they have im-
portant properties such as low-cost materials, simple fabrication process and high ef-
ficiency. Compared to existing solar cells technologies, perovskites have advantages
over conventional materials such as stronger absorption, which allows the fabrication
of thinner cell structures [204]. Very low fundamental energy loss allows the poten-
tial for achieving high open circuit voltage as perovskites have very low non-radiative
recombination rates. Another remarkable property of perovskite is the combination
of high band gap and sharp absorption edge [204, 207]. The absorption coefficient
of CH3NH3PbI3 has a clear exponential reduction below the band edge without any
obvious deep states [207, 208]. These features together with the optical band gap
(1.55 eV) and high power conversion efficiency make perovskite a promising mate-
rial candidate for the top solar cell of a crystalline silicon based tandem structure
[209, 88, 210].
8.3 Theoretical background
As one of the most important fundamental properties of any type of semiconduc-
tor, the absorption coefficient of CH3NH3PbI3 is reported in several publications
[207, 208]. For any solar cell, knowledge of the absorption coefficient in the spectral
region where the absorber is deemed to be active is of extreme importance. Xing
et al. calculated the absorption coefficient based on the optical transmittance and
reflectance of a CH3NH3PbI3 film on a quartz substrate [208]. Such measurements
provide useful information but do not allow band-to-band absorption to be separated
from parasitic absorption. De Wolf et al. extended the coefficient data to the sub band
gap region with Fourier-transform photocurrent spectroscopy (FTPS), a technique
that can obtain the absorptance of the active layer without any substrate contribution
[207]. However, these techniques do not have sufficient sensitivity to measure the
absorption coefficient of CH3NH3PbI3 in the very long wavelength region, where the
absorption properties are important to potential applications in tandem cell struc-
tures [209]. This has motivated recent efforts to accurately determine the optical
constants for perovskites, as these values are essential for correct optical design of
devices [211, 212]. Supported by the published absorption coefficient data, the first
perovskite and silicon tandem structures were simulated [210, 213]. However, these
works do not consider long wavelength parasitic absorption, as such data was not
yet available. This leads us to the application of photoluminescence spectroscopy to
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determine the absorption coefficient of CH3NH3PbI3 perovskite films.
Photoluminescence is a widely used characterization tool for silicon based pho-
tovoltaic applications such as determining minority carrier lifetime [214], studying
silicon defects [215], and extracting band-to-band absorptance, which has been used
to evaluate the light trapping properties of silicon solar cells in Chapter 3 and 5
[108, 80, 79]. In addition, from the band-to-band absorptance extracted from pho-
toluminescence spectra (PL) of silicon materials, the absorption coefficient of silicon
can also be accurately determined to very low values (as low as 10−16 cm−1), which
other techniques cannot achieve [108, 109]. The photon-excited spontaneous emis-
sion from a semiconductor material is defined by Würfel via the generalized Planck
radiation law [101], and has been validated for both direct [103] and indirect [104]
transitions. As photoluminescence in a certain energy interval is the reverse process
of interband absorption of a photon, it is only sensitive to band to band absorption,
without any disturbance from free carriers and other types of parasitic absorption
[108, 101]. The relationship between the band-to-band absorption coefficient αBB(h¯ω)
and the spontaneous emission rate drem(h¯ω) from a volume element into a solid an-
gle Ω per energy interval dh¯ω has been discussed in Chapter 2 and is described by
[108]:
drem(h¯ω) = αBB(h¯ω)
cγDγΩ
exp( h¯ω−µγkT )− 1
d(h¯ω) (8.1)
cγ is the velocity of light in the emitting medium with refractive index n, Dγ = n3
(h¯ω)2/(4pi3h¯3c3o) the density of states per solid angle for photons in the medium,
and h¯ is the reduced Planck constant. µγ refers to the chemical potential of the emit-
ted photons (equal to the difference of the quasi-Fermi energies, eF.C − eF.V), k is
Boltzmann’s constant and T is the absolute temperature of the sample. To obtain
a measurable quantity, the emission rate has to be converted into emitted photon
current. By integrating the emission rate over the sample thickness and taking reab-
sorption and reflections at both surfaces into account, we can determine the emitted
photon flux outside a planar sample. If the electrons and holes are distributed ho-
mogeneously through the sample (i.e., for long diffusion lengths and low surface
recombination), the photon current density dje(h¯ω) emitted in the interval dh¯ω of
hemispherical space outside of the sample is found to be [108, 80, 111, 125]:
dje(h¯ω) ∝ ABB(h¯ω) · (h¯ω)2 · exp(− h¯ωkT ) (8.2)
with ABB(h¯ω) the band-to-band absorptance in the active layer. The relationship
between absorptance and absorption coefficient αBB(h¯ω) becomes [108]:
ABB(h¯ω) = [1− R(h¯ω)] 1− exp[−αBB(h¯ω)d]1− R(h¯ω) · exp[−αBB(h¯ω)d] (8.3)
where d is the sample thickness, and R(h¯ω) is the sample reflectivity. In the long
wavelength region where the absorption is weak, αBB(h¯ω) can be derived from dje(h¯ω)
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via the following equation [108]:
dje(h¯ω) ∝ αBB(h¯ω) · (h¯ω)2 · exp(−(h¯ω)/kT (8.4)
ie. for the weakly absorbed part of the spectrum where αBB(h¯ω)d  1, extraction
of αBB(h¯ω) by using Equation 8.4 is strictly valid, regardless of the distribution of
electrons and holes and the surface reflectance [216].
In this chapter, the photoluminescence spectrum of a solution processed per-
ovskite CH3NH3PbI3 film has been measured at room temperature from 650 nm to
1400 nm. PMMA is used to prevent the degradation of CH3NH3PbI3 film during
the measurement. The diffusion length of CH3NH3PbI3 is typically on the order of
100 nm [208], which means the diffusion length of our sample is likely to be similar
to the sample thickness. We therefore assume that it is reasonable to approximate
the carrier density to be uniform depth-wise across the sample, and we use Equa-
tion 8.2 and 8.3 to determine the band-to-band absorption coefficient of CH3NH3PbI3
from the PL spectra. Note that we find good agreement with previously published
absorption coefficient data over the wavelength range where data is available, indi-
cating that this assumption of approximately uniform carrier profiles is reasonable.
For the long wavelength region where there is no previously published data, absorp-
tion is very weak and equation 8.4 is valid. We therefore use this approach to extend
our results to absorption co-efficient values down to 10−14 cm−1.
We also perform PL measurements on a CH3NH3PbI3 film at different tempera-
tures ranging from 80-360 K to obtain temperature-dependent absorption coefficient
data from 650-900 nm. Finally, we use the extracted αBB(h¯ω) at different temperatures
to determine the product of the radiative recombination coefficient and the square of
the intrinsic carrier density B(T)× n2i in a temperature range of 80-360 K.
8.4 Experiment
The structure of perovskite film that is used in this study is presented in Figure 8.1.
The solution based fabrication process of CH3NH3PbI3 films is carried out at room
temperature with N2 ambient. PbI2 (99%, Sigma-Aldrich) is dissolved in dimethylfor-
mamide (DMF) at 461 mg/ml and heated to 60 ◦C with agitation. The PbI2 solution
is spin-coated on 25×25 mm glass microscope slides at 3000 rpm for 15 s and dried
for several minutes. Then 0.5 ml of methylammonium iodide (Dyesol) solution (10
mg/ml in isopropanol) is deposited dynamically over several seconds onto the PbI2
substrates spinning at 3000 rpm for 30 s. The substrates are heated on a hotplate at
100 ◦C for 10 minute to form the CH3NH3PbI3 film. We find this process can reliably
produce CH3NH3PbI3 films of 300 nm thickness. For the PL measurements, a layer
of PMMA is spin-coated at 4000 rpm for 30 s on top of the perovskite film followed
by a 5 minute bake at 120 ◦C.
To measure the photoluminescence emission spectra of the CH3NH3PbI3 films,
we illuminate the sample with a laser source powered by a 532 nm free running
diode at normal incidence with 16 mW intensity on the sample, and a spot diameter
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Figure 8.1: Schematic illustration of perovskite CH3NH3PbI3 film on a glass substrate with
PMMA coating (not to scale).
of approximately 3 mm. The intensity of the laser was carefully selected to maximize
the PL emission signal while preventing degradation during the measurement.
Moisture-induced degradation of perovskite film with laser exposure has been
observed by others [217]. With a PMMA capping layer, the perovskite films can stay
up to 2 hours under the illumination without obvious degradation. A 532 nm band
pass filter is used to achieve a clean excitation line. The emitted radiation is focused
and transmitted into a double-grating monochromator with 600 grooves/mm and
1000 nm blaze. The emission spectrum at 650-900 nm is detected with a photomul-
tiplier detector and the spectrum at 900-1400 nm is captured with a liquid nitrogen
cooled InGaAs detector. A long pass filter is used to prevent any laser light reaching
the detector. The reasons for using two different detectors to measure different sec-
tions of the spectrum are as follows: First, the spectral responses of both detectors
have limitations in terms of their sensitivity; neither detector is capable of measuring
the entire 650 nm to 1400 nm spectrum independently. Second, the emission above
900 nm is very weak so a mechanical chopper and lock-in amplifier is used with the
InGaAs detector to improve the signal-to-noise ratio. In order to sensitively measure
the emitted luminescence signal at very long wavelength range, the spectrum from
900-1400 nm is measured in two sections with different amplifications to make sure
the weakest signal is still measurable. The first part is measured from 850-1050 nm,
then the second section of spectrum with increased amplification is measured from
1000-1400 nm. The three spectra (650-900 nm, 850-1050 nm and 1000-1400 nm) are
stitched together to form a single spectrum from 650 to 1400 nm (shown in Figure
8.2) based on the "sum of square error" method applied to the overlapping regions
[109]. We also used a Perkin Elmer 1050 spectrophotometer with integrating sphere
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detector to measure the reflectance R(h¯ω) and transmittance T(h¯ω) of the samples
in the wavelength range of 650 to 1400 nm. The overall absorptance of the sample is
then calculated as A(h¯ω) = 1− R(h¯ω)− T(h¯ω).
Figure 8.2: PL spectra of 300 nm perovskite CH3NH3PbI3 film (left Y-axis).
Spectrophotometer-measured absorptance (blue dash line) and PL extracted absorptance of
CH3NH3PbI3 (red solid line) as a function of wavelength (right Y-axis).
To capture the photoluminescence spectra of a CH3NH3PbI3 film at various tem-
peratures, the sample is kept in a liquid-nitrogen-cooled cryostat with temperature
variation of less than 0.1 K. The measurement is taken at 10 K intervals from 650
nm to 900 nm with the photomultiplier detector in a temperature range of 80 K to
360 K, which covers the phase transition point of CH3NH3PbI3 and the entire device
operating temperature [218, 219].
8.5 Results and discussion
8.5.1 The band-to-band absorption coefficient
We extract the relative absorptance ABB(h¯ω) from PL spectra based on Equation 8.2
[108, 101, 103]. The photoluminescence spectra can be divided by (h¯ω)2exp[(−h¯ω)/kT]
to obtain the relative ABB(h¯ω) of sample as a function of wavelength (Figure 8.2).
The absorptance that we extract is only relative, as the PL is measured in arbi-
trary units. ABB(h¯ω) is then normalized to 1 − R(h¯ω) at a wavelength above the
bandgap (675 nm) to convert into absolute values, where R(h¯ω) is the front surface
reflectance measured with the spectrophotometer. As shown in Figure 8.2, black tri-
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angle points corresponding to the left Y-axis represent the photoluminescence spectra
of CH3NH3PbI3 film at room temperature. The red solid line corresponding to the
secondary Y-axis is ABB(h¯ω) extracted from the PL spectra and normalized to the
blue dash line (spectrophotometer (SP) measured absorptance (A)) at the wavelength
of 675 nm. ABB(h¯ω) decays to a very low value of 10−16 at 1400 nm whereas the value
measured with the spectrophotometer remains above 10−1 from 800 nm to 1400 nm.
The higher value of SP measured absorptance at long wavelength could be due to
parasitic absorption or to the scattered light being trapped within the glass substrate
and escaping out of the integrating sphere. In contrast with the SP measurements,
the absorptance extracted from PL does not depend on parasitic or free carrier ab-
sorption in any layer of the structure. It only detects the emission associated from the
band to band absorption in perovskite film. Therefore, any absorption which does
not contribute to photocurrent generation is ignored, which allows us to sensitively
measure the band-to-band absorptance in the active layer at very low energy levels.
Figure 8.3: Absorption coefficient of CH3NH3PbI3 obtained from a PL spectrum at room
temperature (RT; red line). As a comparison, we plot αBB(h¯ω) of CH3NH3PbI3 (blue line)
obtained by FTPS by De Wolf et al. [207], αBB(h¯ω) of c-Si (black line) obtained by Green et
al. from transmittance/reflectance measurements of intrinsic silicon and spectral-response
measurements on high-efficiency solar cells, [28, 29] and αBB(h¯ω) of c-Si (black diamond)
obtained from PL spectra by Nguyen et al. [109].
The absorption coefficient can be derived from the absorptance using Equation
8.3. We assume the same reflectivity R(h¯ω) for both surfaces of the 300 nm thick
sample. The extracted absorption coefficient of CH3NH3PbI3 for the wavelength
range 650-1400 nm at room temperature (295 K) is presented in Figure 8.3. As a
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comparison, we include the absorption coefficient of CH3NH3PbI3 reported by De
Wolf [207] (obtained by digitizing the published data), and two sets of absorption
coefficient of c-Si obtained by Green [28, 29] and Nguyen et al. [109] respectively.
Our absorption coefficient matches very well with De Wolf and coworkers’ results in
the wavelength range shorter than the band gap. In the sub band gap region, both
spectra have a very sharp absorption edge and the slopes of the two spectra are much
steeper than that of c-Si. The absorption coefficient of CH3NH3PbI3 film calculated by
the photoluminescence technique can extend to a wavelength of 1400 nm with a value
as small as 10−14cm−1. The strong exponential decay of the absorption coefficient
clearly indicates high structural order and low density of optical deep states in the
CH3NH3PbI3 film [207]. As a result, solar cells made with this material should be
able to achieve a high open circuit voltage, which is beneficial for a top cell in a
tandem structure.
Figure 8.4: Absorption coefficient of CH3NH3PbI3 extracted from photoluminescence spec-
tra using method 1 (blue solid line) and method 2 (red dash line). As a comparison, we plot
αBB(h¯ω) of CH3NH3PbI3 (black squares) obtained by FTPS by De Wolf et al. In method 1,
with the assumptions of homogenous electron and hole distributions, the absorption coef-
ficient of CH3NH3PbI3 film is calculated by using Equation 8.2 and 8.3. Method 2 involves
calculating the absorption coefficient by using Equation 8.4 which is strictly valid in weak ab-
sorption wavelength αBB(h¯ω)d1. In this case, Equation 8.4 is used to extract the absorption
coefficient in the range of photon energy < 1.55eV (wavelengths longer than 800nm).
In a recent study of the absorption coefficient of CH3NH3PbI3, De Wolf et al.
[207] reported an presence of an Urbach tail, evident as a straight line over four
orders of magnitude when plotted on a logarithmic scale; this work shows this be-
havior extending over more than eight orders of magnitude, up to wavelength of 900
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nm. The slope of the absorption coefficient deviates from the expected straight line
dependence at higher wavelengths. The reason for this deviation will be the subject
of further studies.
In the weak absorption region αBB(h¯ω)d  1 (λ ≥800 nm), Equation 8.4 can be
used to extract the absorption coefficient accurately, as the PL spectra does not de-
pend on the distribution of electrons and holes, or the surface reflectance because
photon reabsorption can be neglected [108]. Since this equation also provides only
relative values, the use of Equation 8.4 requires a previously obtained value of αBB
at one wavelength for normalization. We use the value of αBB at λ= 800 nm using
Equation 8.2 to provide normalization. With this normalization, Equation 8.2 and
Equation 8.4 give the same results for the region αBB(h¯ω)d 1 (λ ≥800 nm). This is
because for weak absorption ABB ∝ αBB. To verify this, we extract the absorption co-
efficient in the wavelength range of weak absorption based on Equation 8.4 (method
2) and compare the absorption coefficient with the values calculated from Equations
8.2 and 8.3 (method 1). The results agree very closely (see Figure 8.4). We conclude
that the relative values of αBB(h¯ω) are accurate beyond λ ≥800 nm because they do
not require any assumptions about the diffusion length of the sample. In addition,
the agreement with the data of De Wolf et al. indicates that the data for λ<800 nm
is accurate. Nevertheless, more accurate results could be obtained by applying the
same technique to samples with longer diffusion length.
8.5.2 Temperature dependent absorption coefficient
Figure 8.5: PL spectra of CH3NH3PbI3 measured at different temperatures are shown as a
function of wavelength (normalized to 1 at the peak of each spectra).
The temperature dependence of photoluminescence spectra of CH3NH3PbIxCl3−x
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film has been examined and reported in the literature [220]. In the present study, with
very good temperature fluctuation control (less than 0.1 K), the measurement of PL
spectra of CH3NH3PbI3 is carried out from 80 K to 360 K in 10 K increments. Five of
the spectra are presented in Figure 8.5, normalized to unity at the peak value to allow
for direct comparison. The results show the emission peaks narrowing with decreas-
ing temperature from 350 K to 240 K with a clear red-shift of the short-wavelength
side of the peaks. This peak narrowing upon cooling can be explained by the fact that
with lower temperature the charge carriers have less thermal energy and are there-
fore located closer to the band edges. With further reduction of the temperature, the
peaks broaden again and start to show a contribution from a secondary peak close
to 800 nm. The resolution of two excitonic peaks in the photoluminescence spectra
below 160 K has been reported previously, and explained as the transition from the
orthorhombic phase to the tetragonal phase [218, 221]. This secondary peak vanishes
and the widths of the PL spectra get narrower as the temperature increases.
Figure 8.6: Temperature-dependent absorption coefficient of CH3NH3PbI3 extracted from PL
spectra.
Using the same method as in the previous section, the relative absorptance of
CH3NH3PbI3 film is extracted from the PL spectra measured at different tempera-
tures. As the absorptance spectra extracted from PL are relative values, normaliza-
tion has to be applied to convert the absorptance into absolute values in order to
calculate the absolute absorption coefficient. To convert the relative value to an ab-
solute value, at least one absolute absorptance point at high energy range has to be
known for each temperature. The room temperature absorptance can be measured
with the spectrophotometer, but the absolute absorptance at any other temperature is
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not known. However, as the optical band gap of CH3NH3PbI3 is at wavelengths >700
nm for the temperature range from 80 K to 360 K, the absorptance of CH3NH3PbI3
at wavelengths <700 nm should be saturated in this temperature range and, to a
good approximation, similar in magnitude to the absorptance at room temperature.
Based on this assumption, we normalize the relative absorptance of CH3NH3PbI3 at
each different temperature to the absorptance measured with the spectrophotometer
at room temperature at 700 nm. Once the absolute absorptance at different temper-
atures is obtained, the corresponding absorption coefficient of CH3NH3PbI3 film is
extracted with Equation 8.3 as shown in Figure 8.6.
Figure 8.7: Absorptance of CH3NH3PbI3 extracted from photoluminescence spectra mea-
sured at 295K and 360K.
From Figure 8.6, we can see that the temperature of CH3NH3PbI3 has a strong
impact on its absorption properties. The absorption coefficient measured at lower
temperature has clear humps originating from the stronger exciton-phonon interac-
tion. These features may also be associated with a phase change in the CH3NH3PbI3
film, which occurs at approximately 160 K [218, 221]. A detailed explanation of these
effects requires further experimental investigation. With increasing temperature, the
humps disappear and the absolute value of the absorption coefficient at long wave-
lengths increases significantly. When the temperature reaches 350 K and above, the
absorption coefficient starts to decrease at the band gap region due to the blue shift
of the band gap, while in the sub band gap region the absorption coefficient contin-
ues to increase with rising temperature. We observe the band edge of CH3NH3PbI3
shifts to higher energy spectrum when the sample temperature increases as shown
in Figure 8.7. This could be due to either band gap fluctuation or phase change, both
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of which can be caused by the increase of the temperature [222].
8.5.3 The product of radiative recombination coefficient and the square of
intrinsic carrier density
Obtaining the temperature dependent αBB(h¯ω) also allows us to calculate the ra-
diative recombination coefficient of perovskite CH3NH3PbI3, which is also a crucial
property to understand and simulate the photovoltaic behavior of perovskite solar
cells. The radiative recombination coefficient B(T) of a semiconductor at a given
temperature is calculated as [111, 116]
B(T) =
1
n2i
× 1
pi2h¯2c20
∫ ∞
0
[n2 × (h¯ω)2 × αBB(h¯ω, T)× exp(−h¯ωkT )× d(h¯ω)] (8.5)
To avoid the dependence on the choice of model for the intrinsic carrier density,
instead of placing the emphasis on determining values of the radiative recombination
coefficient B(T), we consider the more general parameter B(T) × n2i , which is the
product of the radiative recombination coefficient and the square of the intrinsic
carrier density.
B(T)× n2i =
1
pi2h¯2c20
∫ ∞
0
[n2 × (h¯ω)2 × αBB(h¯ω, T)× exp(−h¯ωkT )× d(h¯ω)] (8.6)
where co is the speed of light in vacuum, k is Boltzmann’s constant, T is the
absolute temperature of the sample, and n is the refractive index of CH3NH3PbI3.
From the temperature dependent absorption coefficient values, we calculate B(T)×
n2i as a function of temperature [111, 116]. In Equation 8.6, the refractive index n of
CH3NH3PbI3 is measured with an ellipsometer at room temperature. Since the re-
fractive indices of CH3NH3PbI3 at other temperatures are not yet known, we use the
room temperature n to calculate B(T)× n2i for all temperatures. This is a reasonable
assumption as the impact of the temperature dependence of refractive index is neg-
ligible compared to the impact of other temperature dependent parameters. We plot
B(T)× n2i as a function of temperature in Figure 8.8, where a 5th order polynomial
function has been applied to fit the data points [111, 116]. This 5th order polynomial
function can be used to calculate the absolute B(T) when used in conjunction with a
known intrinsic carrier density model.
Log10[B(T)× n2i ] = −254.91+ 3.75× T − 0.024× T2
+8.45× 10−5 × T3
−1.49× 10−7 × T4
+1.34× 10−10 × T5
(8.7)
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Figure 8.8: Product of the radiative recombination coefficient and the square of the intrinsic
carrier density B(T) × n2i plotted as a function of temperature (blue solid circles). A fifth-
order polynomial function is used to fit the experimental values (red line).
8.6 Conclusion
In summary, the fundamental relationship between band-to-band absorptance and
photoluminescence is used to determine the absorption coefficient of CH3NH3PbI3
perovskite film at room temperature (295 K) for wavelengths 675 nm to 1400 nm.
Absorption coefficients of CH3NH3PbI3 as small as 10−14 cm−1 are detected at room
temperature. Knowledge of such data is a key piece of information to understand
to what extent perovskite solar cells may suffer from parasitic absorption, which, in
turn, is important for applications in tandem solar cells. The temperature dependent
αBB(h¯ω) of CH3NH3PbI3 perovskite films is also obtained with the same technique
over a temperature range of 80 K to 360 K. Based on αBB(h¯ω) values extracted from
the PL at various temperatures, the product of radiative recombination coefficient
and square of the intrinsic carrier density B(T)× n2i of CH3NH3PbI3 perovskite are
also calculated, and a 5th order polynomial relation is provided.
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Chapter 9
Summary and outlook
In this chapter, we look back the major discoveries and key conclusions of the thesis.
Based on the results presented here, an outlook for future directions is discussed.
The main focus of this thesis is on improving the conversion efficiency of silicon
solar cells by optimizing light management technologies. A novel method is devel-
oped to evaluate the light trapping structures on silicon wafers. Based on the gen-
eralized Planck’s law, the method uses band-to-band absorptance extracted from the
spectrally resolved photoluminescence of samples. By comparing the band-to-band
absorptance of silicon wafers with and without light trapping structures, the possible
maximum photocurrent enhancement due to the light trapping is calculated. Unlike
other characterization techniques, this method can accurately estimate the true pho-
tocurrent density within the active layer without distortions in the measured absorp-
tion due to parasitic losses. At the same time, it allows rapid comparison of a wide
variety of light trapping structures on silicon wafers without the need for forming a
p-n junction, which can speed up the cell optimization process.
9.1 Summary of the thesis
A wide range of light trapping structures are studied on crystalline silicon wafers
to improve the photocurrent generation. The technique of photoluminescence spec-
troscopy is used to evaluate the optical performance of these light trapping struc-
tures. Self-assembled plasmonic Ag particles (AgNP) together with a dielectric based
diffuse reflector (DR) can provide excellent optical enhancement for photovoltaic ap-
plications without sacrificing the electrical performance of the device. The combina-
tion of DR and AgNP has provided light trapping performance (62% of Lambertian
enhancement) comparable with the light trapping provided by inverted pyramids
(67% of Lambertian enhancement) on a 200 µm thick silicon wafer. This light trap-
ping is particularly promising for application to thin film cells, and also interesting
for multi-crystalline silicon solar cells where conventional random pyramid texturing
is hard to realize.
Adding Ag nanoparticles into the rear structure of IBC solar cells can increase
the optical response in the band-gap region while avoiding additional recombination
loss. By optimizing the dielectric environment around the AgNP, a maximum frac-
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tion of 53% the Lambertian enhancement is achieved with 120 nm S3N4 along with
AgNP and Ag back reflector on the rear side of silicon wafers. With plasmonic rear
side light trapping, a silicon wafer which mimics the IBC solar cell structure has an
increase in estimated short circuit current density of 18% in the spectral range from
1000 nm to 1200 nm.
We extend the application of the PL technique to evaluate more general light
management techniques. Several structures including reactive ion etched textures
(RIE), metal-assisted textures (MET) and random pyramid textures (RAN) are exper-
imentally evaluated with this technique. By fabricating a silicon wafer structure with
RIE and RAN textures on the front and rear side respectively, we demonstrate a light
trapping structure with less than 1% reflectance in the wavelength range of 300 nm
to 1000 nm and a LTE of 55% in the near infrared region (1000 nm to 1200 nm) of the
solar spectrum. With an analytical model with independent angular distribution pa-
rameters on both surfaces, we study the magnitude of the optical losses of these light
management structures. A quantitative analysis of the impact of front reflection, rear
absorption and the angular distribution on the implied current generation of silicon
solar cells is provided.
The underlying physics and application of dielectric diffuse reflectors is compre-
hensively reviewed in Chapter 2. A diffuse film prepared by Snow Globe coating
is applied as a back reflector on a-Si:H/µc-Si:H tandem solar cells. The reflector
has close to 100% reflectance over a spectral range of 400-1300 nm which indicates
much lower parasitic optical losses compared to the standard textured ZnO:Al/Ag
reflector. The application of DR avoids the localized and propagating plasmonic res-
onances that exist on randomly textured ZnO:Al/Ag back contacts, which introduce
significant amount of parasitic absorption and thereby reduce the overall cell per-
formance. By replacing ZnO:Al/Ag with SGC reflector on tandem thin film silicon
solar cells as a rear reflector, the overall cell efficiency can be improved from 10.2%
to 10.4%.
As an emerging new field in photovoltaics, organic/inorganic hybrid perovskite
material has potential for being a low-cost choice for high efficiency solar cells.
The fundamental relationship between band-to-band absorptance and photolumi-
nescence can be used to determine the absorption coefficient of CH3NH3PbI3 per-
ovskite films. Absorption coefficient values of CH3NH3PbI3 as small as 10−14 cm−1
are detected at room temperature. Knowledge of such data is an important piece of
information to simulate and understand to what extent perovskite solar cells may
suffer from parasitic absorption, as perovskite can be potentially used in applica-
tions in tandem solar cells. The temperature dependent αBB(h¯ω) of CH3NH3PbI3
perovskite films is also obtained with the PL technique over a temperature range of
80 K to 360 K. Based on these sets of data, the product of radiative recombination
coefficient and square of the intrinsic carrier density B(T)× n2i of CH3NH3PbI3 per-
ovskite is calculated. This formula allows calculation of the radiative recombination
coefficient of CH3NH3PbI3 film in the temperature range of 80 K to 360 K if a model
for the intrinsic carrier density is available.
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To utilize the plasmonic light trapping and diffuse reflectors in solar cells, several
critical challenges have to be overcome:
1. A balance between enhancing optical response and avoiding extra surface re-
combination at the rear of solar cell is the key for future progress. As we have
shown in Chapter 3 and 4, the plasmonic nanoparticles have to be applied on
top of the passivation film. The scattering effect of the nanoparticles increases
with the decreasing distance between the nanoparticles and the active layer.
However, a very thin passivation film is likely to be too porous to prevent the
penetration of metals which will damage the passivation quality. A possible so-
lution for this is choosing a passivation film with high density and less porous
structure. More extensive study is necessary to optimize the passivation film
and tune the thickness with considerations of excellent passivation, maximum
light trapping as well as blocking the penetration of Ag. At the same time,
the fabrication process of the plasmonic structures has to be compatible with
industrial process of fabricating the solar cell without significantly increasing
the cost of fabrication.
2. The application of diffuse reflectors raises the question of how to collect the
carriers efficiently at the back of the solar cell. The diffuse reflector is normally
made up of insulating dielectric material. Specially designed contact such as
cross-finger contact works well for thin-film solar cell as shown in Chapter 7.
However, for the c-Si solar cell, how to coordinate the area covered by metal
contact and the area with diffuse reflector remains unknown. Alternatively, a
layer of transparent conductive oxide in between the rear passivation and the
diffuse reflector is worth further investigating.
Perovskite solar cells can consist of a range of organic-inorganic hybrid metal
halide materials. The characteristics of perovskite can vary significantly with differ-
ent metal or halide components as well as the morphology, which results in various
largely unexplored fields for perovskite solar cells. One interesting study that can be
carried out based on the work of Chapter 8 is to study the degree of crystal disorder
in different perovskite films with Urbach edge behavior measured by the photolu-
minescence technique. The Urbach rule gives important information about dynamic
properties of elementary excitations of the materials as well as about the disorder-
ing processes. Based on the temperature dependent absorption coefficient of the
perovskite film, the Urbach edge of the material can be obtained. This study is po-
tentially interesting to the research community for understanding the electrical and
optical behavior of different perovskite materials and finding out ways for further
optimizing perovskite solar cells.
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